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CHAPTER XXX. 

ON STANDARD COILS.* 

In all absolute measurements it is necessary to know what are 
called the " constants '' of the instruments. 

In measuring currents by galvanometers it is necessary to know 
accurately the number of windings^ and the size and position of 
each. In order, then, that the windings may be accurately 
counted, and measured directly, and that small errors of measure- 
ment may not introduce a large percentage error, it is necessary 
that the coil should be large, and should contain only a few layers 
of wire. 

In constructing a sensitive galvanometer it is necessary to 
arrange the coils so as to produce the greatest possible effect on 
the needle, and, therefore, the wires must all be as near to the 
needle as possible, and there must be a great number of them. 

In other words, the coil must be small, and with a great 
number of turns all crowded close together. 

Thus the conditions to be satisfied in making a stxindard gal- 
vanometer are quite different from those required in making a 
sensitive galvanometer. On this subject Professor Maxwel 
8ay8,t — 

♦ MaxwelVs " Electricity," vol. ii. ch. xv. p. 312. 
t Ibid., 707, vol. ii p. 312. 



2 Electro- Kinetics. 

*' lu constructing a sensitive galvanometer we aim at making 
the field of electro- magnetic force in which the needle is sus- 
pended as intense as possible. In designing a standard galva- 
nometer we wish to make the field of electron-magnetic force near 
the magnet as uniform «ns possible, and to know its exact intensity 
in terms of the strength of the current/' 

On account of this difference the constants of sensitive galva- 
nometers are not determined by direct measurement^ but by elec- 
trical comparison with large standard coils. 

To determine the values of the deflections of a sensitive galva- 
nometer we proceed as follows : — 

We place it concentric with a standard coil^ and with its coils 
parallel to the coils of the standard. The latter being large, the 
sensitive galvanometer will go inside it. The plane of the coils 
is ])laced in the magnetic meridian. We then send currents, 
whose ratio is known, in opposite directions through the galva- 
nometer and the standard coil. Suppose we make the direction 
such that the current in the galvanometer tends to deflect the 
needle, and that in the coil to bring it back to zero. 

Let 8 be the deflection, 

C the current in the standard coil, 

c the current in the sensitive galvanometer, 

H the earth's horizontal force at that time and place, 

^ Im the magnetic moment of the needle. 

Also let r be the couple of the coil with a unit current on u 
needle of unit moment. Then, if we are experimenting with 
the large coil only, and the sensitive galvanometer be removed, 
r will be the number by which 11 tan 8 must be divided to 
obtain the true strength of the current; and as the ring is 

2 TT 

large, this number will be equal to times the number of 

windings. 

Let 7 be the corresponding quantity for the sensitive galva- 
nometer. 

This will not in general be j)roportional to the number of 
windings, and a cannot be measured directly. 

Let the sensitive galvanometer be replaced. 

Tlie couples acting on half the needle now are — 

Tending to deflect it as long as the di flection is very small, 

r y COS 3 . ^ »i. 
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Tending to bring it to zero, 

C r cos d . Z m and H sin b,lnu 

When the needle is in equilibrium we have 

Crcosd + Hein^ — C7006S = 0, 
or dividing by cos 5 

Cr — cyssHtand. 

If we vary the ratio - till 5 = 0, that is^ till the needle comes 
to zero, we have 

The ratio of C to c is found without knowing either C or c, by 
dividing the same current into two circuits, and interposing resis- 
tances R and r in C and c respectively. Then if G is the 
resistance of the standard coil and g that of the small galvano- 
meter, we have 

e B + (^ 
and so 7 is known. 

For further information about the comparison of coils, the 
reader is referred to Maxwell's '' Electricity,'* vol. ii. ch. xvii. 

Ei^ectro-Dynamometer. 

The great electro- dynamometer of the British Association, Plate 
XXVII., may be taken as a specimen of a standard coil. It is 
at present deposited in the Cavendish Laboratory at Cambridge. 

It consists of two coils placed parallel, and \ a metre apart. 
The mean radius of each is \ metre, and each consists of 15 
layers, each containing 15 turns of insulated wire, wound in a 
rectangular groove. 

In this, if desired, another coil (figs. 149, 150, next page) can be 
suspended at A when it is required to examine the action of two 
currents on each other ; or, the suspended coil being removed, 
a galvanometer or helix can be placed within the fixed coil for 
purposes of comparison. 

Fig. 151 shows the bifilar suspension. 

" The equality of the tension of the suspension wires is ensured 
by their being attached to the extremities of a silk thread which 
passes over a wheel, and their distance is regulated by two guide- 
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wbet'la which can be set at llic proj^r distance. The saBpeiu 




coll can be moved vertically liy means of n ficre.w acting 



Electro^ Dynamometer. 5 

suspension- wheels and horizontally in two directions by the 
sliding pieces shown at the bottom of fig. 151. It is adjusted in 
azimuth by means of the torsion screw^ which turns the torsion- 
head round a vertical axis. The azimuth of the suspended coil 
is ascertained by observing the reflection of a scale, in the mirror 
shown just beneath the axis of the suspended coil/'* 

In fig. 150 the suspending wires are not shown. They pass 
up through the Y% and are held into them by the little 
springs^ ^=J. Their distance apart can be set to any required 

whole number of millims. by means of the scales and arrows. 

The distance apart of the upper ends of the suspending wires 
can be exactly regulated by verniers (not shown) engraved on 
the sliding pieces carrying the guide pulleys in fig. 151. 

The torsion of a bifilar suspension depends on the product of 
the top and bottom distances of the wires, and, therefore, to 
adjust it, it is only necessary to adjust one of those distances. 

• Maxwell's " Eloctricily," vol. ii. p. 331. 
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APPENDIX TO CHAPTER XXX. 

To DETEBMINB THE CONSTANTS OF A HbLIZ. 

Number of Windings. 

In experiments on the magnetic effects of currents, it is sometimes neces- 
8.iry to use a large lielix of wire in order to obtain a greater effect. 

The action of a helix on a rod passing through it depends on the namber 
of windings, and on the strength of the current. 

In order to calculate the effect of any current, it is necessary to know the 
number of windings. 

As the number of windings in a helix of more than one layer cannot be 
counted except at the time of winding, it is important to be able to determine 
it electrically, so as to save the expense of having a helix specially wouud. 

This can be done by comparing it with the great dynamometer, the number 
of whose windings is known. 

Specimen Expebiments. 

The following are the details of a determination made in 1877, by the pre- 
sent writer,* of the number of windings in one of the helices of the electio- 
magnet shown in fig. 153, vol. ii. page 13. 

Detebmination of the Ncmbeb of Windings. 

We must firat determine the difference of magnetic potential at the two 
ends of the helix when a unit current passes through it. It is a quantiiy 
which we call N, and is a function of the number of windings and their 
arrangement ; for if we know the magnetic intensity at each point of the axis 
of the helix due to a unit current, viz., what force is exerted by a unit current 
in a helix on a unit magnetic pole at that point, then we know how much 
work would have to be done to move this unit pole from one end of the helix 
to the other when a unit current was passing in it. 

But if a, ft be the ends and t/, the force at any point, then the above amount 
of work would be equal to 

«^j' = V» — V. (1) 



/ 



where V is the potential at any point. 



• Phil. Trans., 1877, page 4 
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Bat the dimensions ot magnetic potential are, in the eleotro-magnetic 
system, 

[L»M»T->] ; 

and these are also the dimensions of the strength of an electric carrent. 

.*. N, which is the ratio of the former of these things to the latter, •# a 
number. 

The value of N for the helix was determined in the Oavendish Lahoratory, 
Camhridge, hj comparison with the great dynamometer of the British Asso- 
ciation, Plate XXYII. vol. ii. page 3. 

The intensities of the magnetic action were compared at 7 equidistant 
points in the axis of the helix, and the total force was obtained by integrating 
by Weddle's fonnuU (Boole's ** Finite Differences," p. 47), viz., 

/ it.rfj- = ^ A iwo+^i + tti-f tt« + 6(Mi-h«.) + 6M,],* . . . (2) 

where k is the diHtunce between any two of the points, and «, is the magnetic 
intensity at any point in terms of that of the dynamometer. 

The mechanical arrangements were as follows: — the dynamometer was 
placed so that the plane of the coils was accurately vertical and in the mag- 
netic meridian. 

The axial line of the coils was then carefully found and marked by means 
of plumb-lines and crosM-threads fixed to the table. 

A strong T-shaped board supported on three levelling-screws was placed so 
that the part corresponding to the stem of the T passed through the coils in 
a horizontal plane parallel to their axis ; on this the helix was laid and its 
axis brought into exact coincidence with that of the coils. 

A boxwood cylinder about 20 centims. long was turned to fit nicely into 
the helix ; a long thick brass wire terminating in a handle was fixed into 
one end, and a brass pin about 5 centims. long was fixed near one edge of 
the other. 

To the end of the latter a magnet and mirror weighing only about a grain 
was hung by a silk fibre, so that when the pin was at the highest point the 
magnet hung in the axis of the cylinder. The helix being placed coaxial with 
the coils was pushed endways so that the centre point of the coils was just 
outside one end of it. 

The cylinder was then inserted and adjusted, by means of cross-wires, 
so that the mirror hung exactly at the centre point, and a mark was then 
made on the handle corresponding to a mark on the stand of the instrument, 



* Objections have been taken to the use of this fonnula, which gives, it is 
observed, much more weight to i^ and !/» than to Ut and ««, and does not fur- 
nish any approximation of a legitimate analytical character. While fully 
acknowledging the force of these objections, I have not thought it worth 
while to make any alteration, for this reason : the experiments, being made 
with resistance-coils, are susceptible of such close accuracy that the errors of 
any particular determinatiooy even when multiplied by 5, cannot |)erceptibly 
afi'ect the value of N deduced. 



8 



Electro- Kinetics. 



by reference to which the magnet could always be brought to the same 
position. 

Thus while the helix was slid along the axi^, the magnet inside it ooold 
always be place<i at the centre point of the dynamometer. The distance 
between the inside ends of the helix was divided into six equal parts by means 
01 seven pins stuck as siglits into a slip of wood fixed along the top edge. 
Thus by sliding the helix along, till any one of the sights was between the 
vertical threads placed midway between the coils, the force at that point due 
to the helix could be coin pared with that due to the dynamometer by means 
of the needle at the centre. 

The comparinon was made by sending currents of different intensities 
through the helix and coils in opposite directions, and yarying them till there 
was no action on the needle. 

This was effected by dividing a current and passing one portion through 
the coils and the other through the helix, and interposing different resiatances 
in each branch. 

The annexed diagram (fig. 152) shows the connections. 




Pijf. 162. 

B iB tte Dattery, K and r the resistance coils. 

D, the dynamometer coHh. ( And let tlie^c letters also represent 

H, the helix. ^ their resistances. 

• the magnet and mirror, vrhoso angular position is observed by 

8. the scale and lamp. 

K K'are contact* keys. 

Now when the actions on the needle are equal, the " powers " of the coils 

that is, the forces they would respectively exercise with unit current — are in 
Tersely as the currents in them — that is, directly as the resistances r + D 
and K + U. 

The observations being repeated at each of the seven points, we have the 
intensity of the magnetic action of the helix at each of those points in terms 
of that of the dynamometer. 
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Thu* if P be the "power" of the dynamometer with unit current, and u, 
the "power" of the helix at a point x with the same current, then the dif^ 
i*«irence of magnetic potentials at the ends of the helix is for unit current 

where A is ^ the length of the helix. 

In the helix used, tlie following results were obtained :— 

* = "^ ^"^^'""n 1) = 28 16 „ 281. 
Mean values of k, with difierent values of r. — 



(3) 



! 

r. 


«o. 


«r 


IT.. 


M,. 


««. 


tt|. 


««. 


r= 100 


2-72l,P» 


4-973 P 


6-667 P 


5 777P 


6-674 P 4-8r)8P 


2 724 P 


r= 200 


2 762 P 


4 976 P 


6C69P 


6 726 P 


6 672 P 4 814 P 

1 


2 722 P 


r = lOOO 


2 722P 


4 962 P 


5-681 P 


5-798 P 


6 692 P 


4-639 P 


2 723 P 


Mean . . 


2 730 P 


4-970 P 


6-669 P 


5-766 P 


6-679 P 4-764 P 


2 723P 



Specimen observation. 

r=iO(>. 1/, = pI?lL±l^ = 6 777 P 

100 -h L» 

Hence 
N= /* «.rfj' = ft4-39 centime. {16707 + 48620 + 34 696 J P 

= 131-732 P. 

Now P = 81-1620. 

.-. 131732 P = 10761-96. 

Now the value of N for any helix with unit current taken with respect to 
the whole length of its axis produced to an infinite length in both directions 
is, by Art 676 of Professor Clerk Maxwell's " Electricity," 47rn, where n is the 
number of windings. 

When the length / is finite compared with the radius a. the value of N for 
that part of the axis which is included between the ends is 



N = 4 rrn -i L_ 

(see Clerk Maxwell's ** Electricity," Art. 676). 



• P is the " power " of the dynamometer. 



(5) 
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Now if we calculate n = — , taking a the mean radios, this 

will give the numher of windings in the helix. 
Now as a = 484 centims., and N = 10752. we have 

10762 26 34 



n = 



^'^ {26-34' + 4 84' }* — 4-84' 



• • . log « = log 10762 +log 26 34 — loj? ^ — log (/* -|- a')* — a 

{laHt term = log 21-92 1 

= 4 0314803 + 1-4206158 — 10P91971 — 1-3408405 
= 30120680, 
.•.71 = 1028-16, 

.'. there ate 1028 windings on the helix. 

Vebificatiox. 

Now in the length of the helix there are 91 windings on the outside layer, 
and the ratio of the length to the difference of the internal and external radii id 

347 

.'. assuming thtit the number of layers per centim. of radius is the same as 
the number of windings per centim. of length (it would really be a little 

greater, as they fit into each other, (^^), we have 



n= |91x|^] = 1092. 



which is sufficiently near the calculated result, viz. n := 1028, to show that 
no large mistake has been made, as, for instance, writing down a log, with a 
wrong index. 

Closer agreement could hardly be expected, as the helix was made for n 
different purpose, and no particular pains were taken to wind it unifomil}'. It 
is also probable that the instrument-maker took more pains to wind the wires 
of the outside layer, which could be seen, close together than those of the in- 
side ones, which were hidden. 

Sum of Abeas. 

In order to measure the magnetic effect of a given current at any point <mU 
side the helix, it is necessary to know the sum of the areas of all the windings 
of the helix. 

Let as call this quantity Z(A) for the helix, and 2(A)' for the dynamo- 
meter. 

2(A)' is known by measurement, and is equal to 870200 sq. centims. 

To determine 2(A) the helix and dynamometer were placed exactly con- 
centric. A magnet and mirror was suspended rather more than a metre 
distant from them, first in front and then behind, so as to correct any error 
in centering ; and varying currents, C, C, were sent opposite ways till there 
was no deflection. 

At this distance the helix and the dynamometer could each be considered 
to be replaced by their equivalent magnetic discs, and the difierence between 
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r and rj, the respectiye distances from the centres of their ends to the magnet, 
may be neglected in comparison with those quantities themselves. 
The formula for Z(A) then becomes 

2 (A) = ^ 2 (A)'. 
Where them was no action on the suspended magnet, it was found that 

% = ii^a. 

which gives Z(A) = 77488*8 sq. centims* 

Another determination, with a different dynamometer, gave Z(A)=77417.2 
sq. oentims.t 

Calculation of thb btbenoth C of a Cubbent in the Helix in 

TEBMS OF THE DbFLECTIOX d OF THB 8U8PBNDBD MaONET. 

When the sum of the areas is known, the helix will act as its own gnlvano- 
meter — that is, the strength of a current in it can be calculated from the 
deflection of a magnet outside it. 

The helix must be placed magnetic East and West, and the magnet sus- 
pended so that it hangs in the plane passing through the centre of the 

helix.t 

It can then be shown mathematically that if r be the distance from the 
magnet to the centre of one end of the helix, 2/, the length of the suspended 
magnet, m the strength of its pole, and H the horizontal component of the 
earth's magnetism, we hlmll have 

Hi»l tan « = 2(A) ^-'c 



or 



which gives 



H tan 8=2^1 



^=i'tJ)''"' ^'^' 



• This measurement was made by Prof. Clerk Maxwell, 
t This measurement was made by the Author. 
J Phil. Trans., 1877, pages 12 aiid 16. 
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CHAPTER XXXI. 

BLECTBO-MAGNETS — DIAMAGNETISM AND MAGNE-CBYSTALLIC 

ACTION. 

If an insulated wire be wound round a bar of iron or steely and 
an electric current be sent round the wire, the core becomes 
a magnet with its marked end in the position in which the 
marked end of a permanent magnet would come to rest, if it 
were placed, free to turn, inside the helix instead of the iron 
core. When the core is of soft iron it becomes magnetized 
on the passage of the current, and loses its magnetism when 
the current ceases. When the bar is of steel, it resists the as- 
sumption of the magnetic state, but, when magnetized, retains 
its magnetism for an indefinite time after the cessation of the 
current. 

The property of soft iron is taken advantage of in the 
construction of '^ electro-magnets,^' by means of which far greater 
magnetic forces than are given by any steel magnets are obtained^ 
with the additional advantxige that they are under perfect control, 
for within certain limits the strength of the temporary iron- 
magnet is proportional to the strength of the current in the wire. 

Electro- magnets are frequently made in the horse-shoe form, 
and when in this shape usually consist of two parallel pillars of 
soft iron, connected at one end by a massive cross-bar of the same 
metal. The wires are wound on hollow brass reels, which can be 
lifted on and off the iron pillars. 

A magnet in the possession of the author consists of a *^ horse- 
shoe," fig 153, whose pillars are each 13 inches long and 2^ 
inches diameter; the helices, which are 12 inches long and 5 
inches external diameter, each contain about 1000 turns of insu- 
lated copper wire of about No. 18 gauge. The helices weigh 
about 35 lbs. each. Such a magnet, if fixed with its poles down- 
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irard, and excited by a powerful current, would probably carry a 

weigbt of from one t<) three tons attached to the armature. 

Magiiete of this eize, however, are used for a different purpose. 

liTheir magnetic action ia eo intense that it affects iihnost all known 




substances, in addition to those few commonly known as mag- 
netic. The action on most substances is too feeble for the 
attraction or repulsion to be obser^-ed directly. 

To observe the action, say, on a piece of glass, the magnet 
■ placed with its pillars vertical and the cross bar at the bottom. 
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The free poles then project up about an inch above the hcliceg. 
Two blocks of soft iron, which are called the movable poles, arc 
placed upon the tops of the pillars. A body placed between 
these blocks is practically between two horizontal poles. 

By sliding the blocks, the horizontal poles can be either 
approached close to each other or separated to a distance of some 
five inches. One end of each block is flat, so as to g^ve 
the pole a vertical plane face about two inches square ; the other 
ends are tapered to a blunt point. Either the flat or pointed 
ends can be turned towards each other. A body placed between 
the two pointed poles is subjected to more intense forces, while 
one placed between the flat poles is in a more uniform field of 
force; the action of the points being to concentrate the mag- 
netic action in one place. 

In order to measure the magnetic actions of those bodies 
which are very feebly affected by the magnet, the torsion balance 
is used, being a modification of the Colomb's Balance descril>ed 
in Part I.* A homogeneous body being suspended between the 
poles by the torsion fibre will, if it is attracted, take up its 
position with its longest diameter pointing from pole to pole ; 
and if it is repelled, its longest diameter pointing across the line 
joining the poles. 

Definition. — The line joining the poles is called the axial line; 
the line at right angles to it, the equatorial. 

The amount of the attraction or repulsion can be measured by 
the number of degrees of torsion required to displace the 
suspended body a given number of degrees from its position of 
rest. 

Definition. — Iron and similar bodies which are attracted by the 
magnet are called Ferro-magnetic, or sometimes Paramagnetic 
bodies. Substances which are repelled are called Diamagnetic. 

The type of diamagnetic bodies is bismuth, which is repelled 
from a powerful magnet with considerable force. A small 
sphere \ inch in diameter hung by a thread, say, two feet long, 
between the pointed poles of a powerful magnet, may be repelled 
so as to move it as much as a quarter of an inch out of the 
vertical. 

The phenomena of diamagnetism were first observed by 

• Vol. i. p. 33. 
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Faraday,* on a piece of the heavy glass which he had previously 
used for the experiments on the rotation of the plane of polari- 
zation, which will be described in Part IV. of this book. The 
paper containing the account of the discovery of diamagnet- 
ism was read before the Royal Society, Dec. 18, 1845, and will be 
found in the Phil. Trans. 1846, and in the JSxperimetiial Re- 
searches (2243). 

In these first experiments a rod of heavy glass was suspended 
Injtween the poles of the great horse-shoe magnet of the Royal 
Institution. It was found that the bar always placed itself 
equatorially, that is, at right angles to the line joining the poles, 
and that it was in stable equilibrium in that position. There was 
also another position of rest when the length of the bar was 
exactly axial ; but in this case the equilibrium was unstable, and 
on the least dis[)lacement the bar moved to the equatorial 
position. 

No difference could be detected between the ends of the bar ; 
the direction in which either end pointed when in stable equi- 
librium depended solely on the direction in which it was dis- 
placed from the position of unstable equilibrium, thus showing 
that no permanent polarity, analogous to the polarity of a steel 
magnet, is acquired by the glass. 

Faraday continued his experiments on a great number of 
substances, among which phosphorus showed the effect '' as 
powerfully as heavy glass, if not more so/^ He also experi- 
mented on a great number of liquids. The liquids were contained 
in a very thin glass tube, of the shape shown in fig. 154. 





rig. 154. 

The action of the glass tube itself had of course to be allowed 
for, but, by making the tube of very thin flint glass, its action 
could be mude very small, and, by alternate experiments with it 

• " Isolated observations by Brugniars, Becquerel, Le Baillif, Saijry, and 
Leebeck had indicated the exitttence of a repulsive force exercised by the 
magnet on twoor thieettub^tances, but thei»e observations which were unknown 
to Faraday had been permitted to remain without extension or examination." 
Tyndall, *• Faraday as a Dibcoverer," p. 110. 
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full and eTnpt}% the proper aeiion of the liquid could be easily 
determined. The shape of the tube obviated the necessity of 
closing it — an important consideration, as cork, sealing-wax, and 
other substances are generally magnetic unless special care has 
been taken to prepare them free from iron. 

The following is a list of substances which Faraday found to 
be diamagnetic : — 



Rock crystal. 




Alcohol. 




Sulphate of lime. 




Ether. 




Sulphate of baryta. 




Nitric acid. 




Sulphate of soda. 




Sulphuric ai'ld. 




Sulphate of potasxa. 




Muriatic acid. 




Sulphate of magnesia. 




Solutions of various alkaline 


and 


Alum. 




earthy salts. 




Muriate of ammonia. 




Glass. 




Chloride of lead. 




Lithai*ge. 




Chloride of sodium. 




White arsenic. 




Nitrate of potassa. 




Iodine. 




Nitrate of lead. 




Phosphorous. 




Carbonate of soda. 




Sulphur. 




Iceland spar. 




Kesin. 




Acetate of lead. 




Spermaceti. 




Tartrate of potash and antimony. 


Caffeine. 




Tartrate of potash and soda. 


Cinchona. 




Tartaric acid. 




Margaric acid. 




Citric acid. 




Wax from shellao. 




Olive oil. 




Sealing wax. 




Oil of turpentine. 




Mutton, dried. 




Jet. 




Beef, fresh. 




Caoutchouc. 




Beef, dried. 




Sugar. 




Blood, fresl:. 




Starch. 




Blood, dried. 




Gum arabic. 




Leather. 




Wood. 




Apple. 




Ivory. 




Bread. 




Water. 








Among metals 


Faraday found 


. — 




Antimony, 




Lead, 




Bit>muth, 




Mercury, 




Cadmium, 




Silver, 




Copper, 




Tin. 




Gold, 




Zinc, 





to be diamagnetic. 

Iron, nickel, and cobalt were certainly paramagnetic, while 
platinum, palladium, and titanium showed paramagnetic effects^ 
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bat so feebly that he could not be certain whether they were not 
due to the accidental presence of iron, nickel, or cobalt 

Generally speaking, the distinction between para- and dia- 
magnetic substances is this: — Paramagnetics tend to move 
from weak to strong places of force, while diamagnetics tend to 
go from strong to weak places. Faraday found that almost all 
compounds of paramagnetic metals were themselves paramag- 
netic. Blood and yellow ferro-cyanide of potassium are, however^ 
exceptions, as they both contain iron and are diamagnetic. 

From some later experiments he deduced the following list, at 
one end of which is iron, the strongest paramagnetic; at the 
other, bismuth, the strongest diamagnetic. Metals nearest the 
neutral point have the least action either way : — 

Diamagnetic, 
Bismuth. 



Magnetic, 

Iron. 

Nickel. 

Cobalfc. 

Manganese. 

Chromium. 

Cerium. 

Titanium. 

Palladium. 

Platinum. 

Osmium. 



Antimony. 

Zinc 

Cadmium. 

Sodium. 

Mercury. 

Lead. 

Silver. 

Copper. 

Gold. 

Arsenic. 

Uranium. 

Rhodium. 

Iridium. 

Tungsten. 







It must be remembered that the diamagnetism of bismuth is 
very much smaller than the magnetism of iron. 

The strength of the pole of an electro-magnet having an iron 
core may be as much as from 32 to 45 times the magnetizing 
force, while with a bismuth core it would only be about 

— _L- of it. 
400,000 

DiAHAONETIC PoLAiaTX. 

As soon as the facts of diamagnetism were established^ the 
question arose — Are the effects observed due to simple repulsion. 
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or is there a true diamagoetic polarity induced? — that ia. Do 
diamngnetic bodies, when under the inliuence of mognetic forces, 
become lemporary magneto, in the same manaer as pieces of sol 
iron under the same circumstances, only with their poles in 
opposite directions ? 

While the marked pole of the magnet induces, in a piece 
soft iron in its neighbourhood, au unmarked pole at the side 
nearest to it and a marked pole at the further Eide, we fihould, 
uu the hypotkesiB of diamagnelic polarity, liave, if a piece of 
heavy glass were substituted for the soft iron, a marked pole al 
the side of the heavy glass nearest to the marked pole of thi 
inducing magneti and an unmarked pole at the further aide^ 
Faraduy made many attempts to determine whether or not di&- 
magnetic polarity exists.* His method consisted in placing a1 
one end of an electro-magnet an extra helix not connected to the 
battery, but connected to a sensitive galvanometer. In this 
helix he placed bars of bismuth and other diamagnetic substances, 
with their ends close to the end of the core of the electro- 
magnet. If the bismuth bar had been thrown into a polar state, 
it should, on being moved suddenly away from the magnet, 
while the magnet was excited, have induced a current in the 
helix surrounding it, and, on being moved back, a currentin the 
opposite direction. Faraday connected the bismuth bars to a 
crank worked by a fly-wheel, by which they could be moved 
rapidly backward or forward, while a commutator, driven by thfl; 
same machinery, sent all the currents in the same direcUoa 
through the galvanometer. 

He was.'however, unable to obtain any evidence whatever in 
favour of diamagnetic polarity. His apparatus does not 
seem to have been of c^ll'eme sensitiveness. In particular, 
the almost impossibility of making the reversals of the current 
by the commntafor exactly synchronize with the reversals of the 
motions of the bismuth cylinder, must have considerably obscured 
any effect which was produced. A commutator was rendered 
necessary owing to the fact that an apparatus with suspended 
coil, like a small dynamometer now used for measuring alterna- 
ting currents, was not thi'n invented. His gulvanometer also, 
though a very sensitive astatic one, could not be compared for 
delicacy to the reflecting instruments since invented. The results 
• '• Experimental ReBearolies," 2040. 
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obtained by Faraday with crystals of protosulphate of iron, when 
compared with the results given by the same substance in the 
experiments of Professor Tyndall (which we are about to describe), 
show that the apparatus use<l by the latter was about one hundred 
times as sensitive as that used by Faraday. Matteucci also worked 
at the subject, but without decisive results. 

In 1861 M. Verdet published* some experiments which caused 
him to decide against the hypothesis of diamagnetic polarity. 
His method of experimenting was as follows : — 

Helices similar to those of an electro-magnet were placed upon 
the arms of a large permanent steel magnet of horse-shoe form. 
In front of the poles of the steel magnet a bar of the diamag- 
netic substance was caused to revolve rapidly round an axis per- 
pendicular to its length, by means of a multiplying wheel. No 
battery was used, but the ends of the helices were connected to a 
delicate galvanometer at a sufficient distance from the magnet to 
be free from its direct influence. When a bar of iron was sub- 
stituted for the diamagnetic substance, the steel magnet induced 
in it a magnetic polarity which constantly changed as the bar 
revolved, causing it to become a varying magnet which re-acted 
on the steel magnet, and caused temporary changes in its mag- 
netization ; which changes induced currents in the helices, whose 
eflects were observed on the galvanometer. 

In a second series of experiments the steel magnet was re- 
placed by a soft iron electro-magnet (excited by a battery), whose 
helix, consisting only of a few layers, was inside the helix which 
was connected with the galvanometer. 

M . Verdet expected tliat, if diamagnetic polarity existed, the 
substitution of a bismuth bar for an iron one would reverse the 
direction of the galvanometer deflection. No such effect was 
observed, and its absence caused him to decide against the 
existence of diamagnetic polarity. 

The reason why he obtained no reverse effect is sufficiently 
obvious. All his diamagnetics were conductors of electricity; 
whether they became polar or not, electric currents would be 
induced in them which would re-act directly upon the helices. 
These induced currents would be entirely independent of the 
magnetic polarity of the bodies, and would be so great as to 

• ** Ann. de Chimie," III. Ser., tome xxxi. p. 187. " (Euvres de Verdet*" 
tome i. p. 43. 
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entirely mask any effect which could be expected from true dia- 
mag^netic induction. 

In 1855 Professor Tyndall* published an account of a series of 
experiments, by means of which he obtained an entirely inde- 
pendent proof of the polarity of bismuth. 

Tlie bismuth bar, IV (fi^. 155), was suspended inside a fixed 




helix, B, the tube of which was considerably larger than the bar ; 
so that, within certain limits, the bar could swing like a galvano- 
meter needle. Two single electro-magnets P P' were placed in 
the position shown. We know that if a bar of iron were substi- 
tuted for the bismuth bar, it would be magnetized by the current 
in the helix, A B, and deflected to the right or left by the poles, 
P P', according to the directions of the currents in the helix and 
the magnet. When the current in A B was such that the polarity 
of the ends of the iron bar ll\ was the same as the polarity of 
the poles PP' opposite to them respectively, the bar was 
repelled; when the current in the helix was reversed, the bar was 
attracted. 

On substituting a bar of bismuth for the bar of iron, exactly 
analogous effects were produced ; but the directions of the cur- 
rents which had produced attraction with the iron bar now pro- 
duced repulsion with the bismuth and rice verady showing that 
the current in the helix, which produced a particular polarity in 
the iron bar, produced a reversed polar i ft/ in the bismuth. Tlie 

* Tyndall, *' Diamao^etism and Magne-Crystallic Action/' p. 130 (Long- 
mans, Green, & Co., 1870) ; and Phil. Trans. 1855, p. 33. 
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commutators^ RU'^ allowed every possible combinations of cur- 
rents to be tried. 

Plate XXVIII. is a drawing of a much larger apparatus 
devised by Professor Tyndall, for showing the same effect on a 
large scale^ suitable to class experiments. Four electro-magnets 
were used, forming two horse-shoe magnets ; and the currents 
were arranged so that each end of the suspended bar was at the 
same time attracted by the pole on one side of it and repelled by 
that on the other. In the picture^ the commutator for the mag- 
nets is seen in fronts but that for the helix is out of siglit at the 
back of the instrument. 

By the use of this apparatus Professor Tyndall was able to cause 
deflections of a bismuth cylinder 14 in. long and 1 in. diameter^ 
which were sufiSciently distinct to be visible to a large audience. 

In 1852^ Professor Weber published a memoir/ in which he 
discassed some of the mathematical consequences of diamagnetic 
polarity. He pointed out that — 

'* TAe magnetism of two iron particles l^ing in the line of mag- 
neOiaiion is increased by their mutual action, but, on the contrary, 
the diamagnetism of two bismuth particles lying in this direction 
is diminished by their mutual action, 

" The reverse occurs in both cases if the particles lie in a line 
perpendicular to the line of magnetization. 

" From this it follows that to impart by a given magnetizing 
force the strongest possible magnetism to a given mass of iron, 
we must convert it into a bar as long and thin as possible^ and 
set its length parallel to the line of magnetizing force, and that 
to impart the maximum diamagnetism to a given mass of 
bismuth, we must convert it into the thinnest plate possible, and 
set its thickness parallel to the line of magnetizing force/' 

Professor Weber then went on to describe some experiments 
on diamagnetic polarity, by means of which he obtained a proof 
of its existence by a method totally different to that employed 
by Professor Tyndall. 

In 1856, Professor Tyndall described a series of experiments 
made by him with Weber's method, and with an apparatus 
devised for him by the latter. As the principle of these experi- 

• Taylor 8 " Scientific Memoirs " (Nat. PhiL), 1863, p. 163 ; or Popg. Ann. 
LXXXVII., p. 145. 
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meats is the same as that of Weber's, nnd as there were many im- 
provementa in detail in trod need by Professor Wober and Professor 
Tyndall iu the new investi^tion, we shall unly describe the Jatter.^ 
The following is Professor Tyiidall's* account of it: — 
" A sketch of the instrument employed is ^iven in fig. 
y~^-^^ BO, B'O'is the outline of a rectangular 

/ O \ the front of which is removed so as to shoi 
the apparatus within. The back of the 
is prolonged, and terminates in two semi-cir- 
cular projections, which have apertures at H 
and H'. Stout bolts of brass, which have 
been made fast in solid masonry, pass through 
these apertures, and the instrument being 
BCfui-cd to the bolts by screws and washers, 
is supported in a vertical position, being free 
from all disturbance save such as affects the 
foundations of the Royal Institution. All 
the arrangements presented to the eye in fig. 
156 are made fast to the back of the box, 
but are unconnected with the front, so as to 
permit of the removal of the latter. W W 
are two boxwood wheels with grooved peri- 
pheries which permit of motion being trans- 
ferred from one wheel to the other by means 
of a string J #'. Attached to this string are 
two cylinders, vt n, op, of the body to be 
examined; in some cases the cylinders are 
perforated longitudinally, the string passes 
through the perforation, and the cylinders 
are supported by knots on the string. HE, 
H'E', are two helices, of copper wire over- 
Fi«, 168. Spin **'ith silk and wound round two brass 

reels, the upper euds of which protrude 
from H to G, and from H' to G'. The internal diameter of 
each helix is O'S of an inch, and its external diameter about 1-3 
inch; the length from H to E ia 19 inches, and the ceDtres 
of the helices are 4 inches ajiart ; the diameters of the wheels 
W W being also 4 inches. Tlie cross bar G G' is of brassj 
and through its centre passes the screw R. From this 
• Tjndall'g '■ Diamagnatiain," p. 1 
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depend a number of silk fibres which support an astatic 
arrangement of two magnets, the front one of which, S N, is 
shown in fig. 156. An enlarged section of the instrument 
through the astatic system is shown in plan in fig. 157; and the 
position of the helices is shown to be ^^ 

between the magnets. It will be seen y *, 4* , , ^r 

that the astatic system is a horizontal one /C\ /r\ 

and not vertical, as in the ordinary gal- )^;^ ^^^ 

mi 11 1 *1 *_i* L. i*0 I ■ I.I IT 



vanometer. The black circle in front of cita 

the magnet, S N, fig. 150, is a mirror, ^^^ 

which is shown in section at M, fig. 157. 

To balance the weight of this mirror and adjust the magnets 
in a honzontal position, a brass washer, W, is caused to move 
along a screw until a point is attained at which its weight 
brings both the magnets into the same horizontal plane. There 
is also another adjustment which permits of the magnets being 
brought closer together, or separated more widely asunder. The 
motions of this compound magnet are observed by means of a 
distant scale and telescope, according to the nietliod applied to 
the magnetometer of Gauss.* The rectangle, d a, d' a ', fig. 1 56, is 
the section of a copper damper, which, owing to the electric 
currents induced in it by the motion of the mngnet^ soon brings 
the latter to rest, and thus expedites experiment. 

'' It is well known that one end of a magnet attracts, while 
the other repels the same pole of a magnetic needle ; and that 
between both there is a neutral point which neither attracts nor 
repels. The same is the case with the helices, H E and H' E^; 
so that when a current is sent through them, if the astatic 
needle be exactly opposite the neutral point, it is unaffected by 
the helices. This is scarcely attainable in practice; a slight 
residual action remains which draws the magnets against the 
helices ; but this is very easily neutralized by disposing an 
external portion so as to act upon the magnets in a direction 
opposed to that of the residual action. Here then we have a 
pair of spirals, which, when excited, do not act upon the magnets, 
and which therefore permit us to examine the pure action of any 
body capable of magnetic excitement and placed within them. 

'' In the experiments to be described, it was arranged that the 
current should always flow in opposite directions through the 

• See vol. i. p. 169. 
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two spirals ; so that if the cylindere withiQ them were polar, the 
two upper ends of these cylinders should be poles of opposite 
names, and consequently the two lower ends opposed also. 

" Suppose the two cylinders m n, op, to occupy the central 
position indicated in fig. 156: then, even if the cylinders became 
polar through the action of the surronnding current, the astatic 
magnets, being opposite to the neutral points of the cylinders, 
wonld experience no action from the latter. 

"But suppose the wheel W to be turned so that the two 
cylinders arc brought into the position shown in &g- 1&8, the 

r7\ 
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upper end o of up, and the lower end n at m n, will act simul- 
taneously on tlie suspended magnets. Tor the sake of illustra* 
tion, let us suppose the ends o and » to be both north poles, and 
that the section, fig. 157, is taken when the bars are in the 
position shown in fig. 15S. Tlie right-band pole o will attract S' 
and repel N, wliich attraction and repulsion sum themselves 
together to produce a deflection of the system of magnets. On 
the other hand, the left-hand pole «, being also north, will 
attract S, and repel N', which two effects also sum themselves 
to produce a deflection in the same direction as the former two. 
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Hence^ not only is the action of terrestrial magnetism annulled 
by this arrangement, but the moving force due to the reciprocal 
action of the magnets and the bodies within the helices^ is 
increased fourfold. By turning the wheel in the other direction, 
we bring the cylinders into the position shown in fig. 150, and thus 
may study the action of the ends m and p upon the magnets. 

" The screw B, fig. 156, is employed to raise or lower the mag- 
nets. At the end, t, of the screw, is a small toreion circle which 
can be turned independently. By means of the latter the sus- 
pending fibre can be twisted or untwisted without altering the 
level of the magnets. 

'^ The front is attached to the box by brass hasps, and opposite 
to the mirror M a small plate of glass is introduced, through 
which the mirror is observed ; the magnets within the box being 
thus effectual ly protected from the disturbances of the external 
air. A small handle to turn W accompanied the instrument 
from its maker ; but in the experiments, I used instead of it a 
key attached to the end of a rod 10 feet long; with this rod in 
my right hand and the telescope and scale before me, the experi- 
ments were completely under my own control. Finally, the 
course of the current through the helices was as follows : — 

" Proceeding from the platinum pole of the battery it entered 
the box along the wire w, fig. 156, which passed through the 
bottom of the latter ; thence through the helix to H', returning 
to E' ; thence to the second helix returning to E, from which it 
passed along the wire «/ to the zinc pole of the battery. 

" A commutator was introduced in the circuit, so that the 
direction of the current could be reversed at pleasure/' 

"We see that this method of experimenting has the great 
advantage, that in it a permanent deflection is always observed, 
and thus the effect of induction currents is entirely eliminated. 
We quote a few of Professor Tyndall's numbers, in order that 
the decisive character of the experiments may be fully appre- 
ciated. The positions 1, 2, 3 are the positions of the cylinders 
shown in figs. 158, 156, 159, respectively. 

Bismuth cylinders, length 3 inches, diameter, 0*7. 

Position 1. Position 2. Position 3. 
Scale reading . 468 482 493 

This set of experiments was repeated many times with a 
perfectly uniform result. On reversing the battery current, the 



26 E lee tro^ Kinetics. 

scale readings varied in the opposite direction, showing that the 
'* polarity of the bismuth cylinders depends on the direction of 
the current, changing as the latter changes. It was invariably 
founds that with the same position of cylinders and direction of 
current, the deflection produced was in opposite directions for 
para- and dia-magnetic bodies/' 

In order, however, to completely answer the objections founded 
on the supposition that the effects observed are due to currents 
induced in tlie cylinders. Professor Tyndall repeated his experi- 
ments, using cylinders which were not conductors of electricity. 
The following numbers were obtained with rods of heavy glass, 
length 3 inches, width 0*6, depth 0*5: — 

Position 1. Position 2. Position 3. 
Scale readings .mi 662 660 

In six difierent series of experiments made with this sub- 
stance the same invariable result was obtained. The deflections 
were in all cases identical in direction with those produced by 
bismuth under the same circumstances. The other diamagnetic 
solids which were observed were antimony, calcareous spar, 
statuary marble, phosphorus, sulphur, nitre, and wax. They all 
gave perfectly distinct and unmistakable indications of diamag- 
netic polarity ; cylinders of copper were also tested. This sub- 
stance is an excellent conductor, but a very feeble diamagnetic. 
If the effects observed had been due to currents in the cylinders, 
the deflection produced by copper should have been about 
forty times as great as that produced by bismuth. On trying 
the experiment, however, the copper cylinders gave a deflection 
which was hardly perceptible; a fact — on the hypothesis of 
polarity — easily explained by their very feeble diamagnetic 

capacity. 

PoLAiiiTY OF Diamagnetic Liquids. 

"Water, and bisulphide of carbon, enclosed in thin glass tubes, 
were both experimented on ; and in each case distinct diamag- 
netic polarity was observed. 

Final Experiments. 

A corresponding series of experiments was made on para- 
magnetic solids and liquids. In every case the deflection pro- 
duced was in opposite direction to that given by diamagnetio 
substances. 
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Among the paramagnetics examined were — slate of various 
kinds, chloride, sulphate and carbonate of iron in powder, ferro- 
prussiate of potash, and muriate of cobalt. In the case of chloride 
of iron the action was so powerful that the needle was forced 
against the helices. 

Some final experimcnU were made on bismuth, which had been 
reduced to a state of fine powder and exposed to the air for some 
days, which had caused each particle to be covered with a coat of 
oxide. An experiment with a galvanometer showed that this 
powder was totally unable to conduct the current of even a 
powerful battery. On filling two glass tubes with the powder 
and placing them in the instrument, it was found they acted 
almost, if not quite, ns powerfully as the solid bismuth cylinders. 

Magne-Crystallic Action. 

In all the experiments which we have hitherto described, we 
have considered the bismuth and other substances to be in a homo- 
geneous state. When, however, they are in a heterogeneous or 
crystalline state, it was observed by Faraday that considerable 
difierences are observed in their deportment under the action of 
powerful magnets. 

The general law which determines the behaviour, in the mag- 
netic field, of bodies whose density is not the same in all directions 
is, that the magnetic axis induced in the Ijody coincides with the line 
of greatest density. 

In crystals this line is parallel to the cleavage planes ; that is, 
a diamagnetic crystal will set with its cleavage planes equatorial 
when suspended between the poles of a magnet, even when the 
diameter at right angles to the cleavage planes is considerably 
longer than that measured along them. 

If, then, a bar of crystal, not too long, be cut so that its 
cleavage planes are perpendicular to the length of the bar, its 
behaviour, when suspended between the poles of a magnet, would 
be opposite to that of a homogeneous bnr of the same shape, 
composed of a substance having the same magnetic properties. 

The reason of this is that the magnetic induction parallel to 
the cleavage planes is so much stronger than that perpendicular 
to them, that the couple tending to set the cleavage planes 
equatorial (if the crystal be diamagnetic) is stronger than that 
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tending^ to set the length of the bar equatorialj in spite of the 
longer arm of the latter couple. 

If, however, the length of the bar is very much greater than 
its breadth, the difference in the magnetic indactions in the two 
directions will not be able to compensate the difference in length 
of the arms of the couples. In this case the bar will set like a 
homogeneous substance, only it will reqnire less force to displace 
it from its position of equilibrium. 

The first observations *' on the crystalline polarity of bismuth 
and other bcMlies " were made by Faraday. His paper on the 
subject formed the Bakcrian Lecture for 1849, and will be found 
in the PhiL Tranm, for that year.* 

The subject was continued by Pi-ofessor Tyndall, and his various 
pa])er8 on it are collected in his Diamagnetiam and Hague' 
Cri/stallic Action. 

He made some very interesting experiments on the effects of 
compression — that is, on the effects of producing artificially a 
•' line of greatest density '* in a particular direction. Perhaps the 
best of them was made accidentally. He was experimenting 
with the great electro-magnet of the University of Berlin, the 
copper helices of wliich alone weigh ^IS lbs. A cube of bismuth 
was suspended between the j)oles, and the poles were accidentally 
brought rather too near together; their mutual attraction over- 
came the friction between them and the iron pillars on which 
they lay. They rushed together and crushed the bismuth between 
tliem, compressing it to about three-fourths of its former thick- 
ness. The poles having been separated and the bismuth extracted, 
it was boiled in hydro-chloric acid to remove any trace of iron 
it might have acquired from the poles, and again suspended 
between them. The line of greatest compression at once set 
equatorial. 

The poles were now purposely allowed to rush together, again 
pressing the bismuth along a line at right angles to the former 
line of compression. On being again cleaned and suspended, the 
new line of compression set equatorial. It was found, by re- 
peating the experiment, that the direction of the magnetic axis 
could be changed as often as desired. 

This experiment was the more remarkable as the bismuth hail 

• And " Exp. Res./' 2454, vol. iii. p. 83. 
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previoasly a natural crystalline stracture, but the diSerence of 
density in the two directions, produced by the compression, was 
so much greater than that due to the direction of the cleavage 
planes, that the set was always determined by the direction of 
the artificial compression. 

Prof. Tyndall fills several memoirs with experiments to con- 
firm and illustrate the law above described. 

A paste made of wax and powdered bismuth is an excellent 
material from which to make artificial crystals by compression. 
They can also be made by compressing bread, if great care be 
taken as to the cleanliness both of the fingers and tools employed. 

In these experiments it is usually necessary for the experi- 
menter to wash his hands about every five minutes. The hands 
should be washed under a tap, so as to have a constant change 
of water, and dried with a *' glass-cloth/' which is not so liable to 
get dusty as an ordinary towel 

The following experiment of Prof. TyndalPs on the construc- 
tion of a model to show the effect of cleavage planes is of interest. 
Emery-paper is very strongly paramagnetic. Let two bars, 
each one inch long and half an inch square, be constructed of it. 
One, which we will call No. 1, is made by gumming together a 
sufiScient number of strips, each one inch by half an inch, to 
make up the half-inch thickness ; the other, which we will call 
No. 2, by gumming together a sufficient number of pieces, each 
half an inch square, to make up the inch length. On being 
suspended between the poles of a magnet. No. 1, which repre- 
sents a crystal with its cleavage planes parallel to its length, sets 
axial. No. 2, however, in which the cleavage planes are per- 
pendicular to the length, sets equatorial; that is, with its 
cleavage planes, and not its length, axial. It is very striking to 
see the behaviour of No. 2 when the magnet is powerful. The 
attraction of the mass to the nearest pole is so powerful that 
once^ when the author was repeating the experiment, it broke a 
stout thread of sewing silk by which the bar was suspended, 
and yet the length is held very strongly in the equatorial line, 
the action being exactly that of a homogeneous bar of a strongly 
diamagnetic substance. 

Effects of the Suabgunding Medium. 

It is found that the medium in which the substance experi- 
23 
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mented on liang^s between the poles affects the result of the 
experiment. For instance, a homogeneous bar of a, feebly para- 
magnetic Bubetance will point axially in air or a vacuum, but 
will point equatorially if it is immerBcd in a strong solution of 
proto-snlphate of iron. 

A Beries of experimenls made by Faraday, and afterwards 
continued by Tyndall, have given the obvious and simple expla- 
nation ofthe matter. In order that the suspended body may take 
up any position, it has to displace an equal quantity of the sur- 
rounding medium from ihiit position; but the magnetic force 
acts both upon the substance and upon the medium. If the 
action upon the substance is stronger than that upon the same 
quantity of the medium, the substance will take the same 
position 83 if it was iu a vacuum. If, on the other hand, the 
magnetic action on the medium ia greater than that on the sub- 
etance, the medium will take the position to which the magnetic 
force tends to move it, and the substance will be displaced and 
will take the contrary position. 

When this fact was established it wus suggested by Faradi 
that it might be possible to account for all the phcnomi 
of diamagnetism without assuming the existence of a tme 
repulsion, by supposing all apace to be filled with a medium 
whose magnetic capacity was less than that of iron, but greater 
than that of bismuth, and that the supposed diamagnetie 
properties of bismuth might be accounted for by considering it 
merely as a feebler paramagnetic than the medium. 

Prof. Tyndall,* in a letter \a Faraday, has pointed out that this 
explanation is not sufficient to account for the observed facts, 
and in particular that conclusions deduced from it as to magne- 
crystallic action are directly at variance with the results of 
experiment. The arguments in favour of the existence of true 
diamagnetic repulsion are unaffected by the consideration of 
the effects of the media-suri-ounded bodies under the action 
of magnetic forces. 

* " Diamagnetum," p. 213. 







CHAPTER XXXn. 

SXPEKIVXNTAL DXTKBHIKATION OP BqUIPOTBNTIAL LINKS AND 

8UEPACE8 AND LINES OP PLOW. 

Propessob W. G. Adams's Experiments.* — Plates XXIX., 

XXX., XXXI. 

PsoPESSOB Adams has succeeded in experimeDtally tracing the 
eqnipotential curves in conductors through which a current was 
flowing. 

The use of this research is found in the fact that the equipo- 
tential curves can he deduced by a mathematical process from 
the theory of electric distribution, and it was expected that the 
agreement or disagreement of the experimental with the theo- 
retical results would form a test of the theory. 

The general theory of these experiments is based on the fact that, 
if the two electrodes of a galvanometer be connected to portions 
of a conductor in the same equipotential surface, no deflection 
will be produced, however strong a current be flowing in the 
conductor. 

The method of tracing which was employed consisted in 
causing a current to pass between two points, either in a liquid 
or in a sheet of tinfoil^ and then, having placed one electrode of 
the galvanometer at a point in the conductor, to determine a 
number of points for the other where there is no deflection. 
These points all lie in the same equipotential line or snrfiice as 
the first point. With a delicate reflecting galvanometer a dis- 
placement of an electrode of 1 millim. from its proper position 
causes a marked deflection of the spot of light. The following 
is Professor Adams's description of his experiments : — 

* See Bakerian Lecture, Proc. Boy. Soc., XXIY., 1875-6, p. 1. 
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" To trace tlie curves one electrode of Thomson's reflecting 
galvanometer was attached to a small screw or pin, fixed in 
contact with^ or passing through the tinfoil disc: and the other 
galvanometer-electrode was attached to a small tube of the 
same size as the screw^ with the end of which contact could be 
made at any point of the disc. In the centre of this small 
tube a needle was held by a spring; and when the required 
point was found, by pressing down the spring a hole could be 
made in the tinfoil, thus marking the position of the tracing- 
electrode/' 

Fig. 160 shows an arrangement of electrodes used by the present 
writer for a repetition of Professor Adams's experiments. 




Piff. 160. 



The best form of contact is probably by means of needle-points 
on which shoulders of metal two or three millims. in diameter are 
soldered, and which are pressed tight on the tinfoil. By placing 
a sheet of paper underneath the tinfoil disc, the forms of equipo- 
tential curves are at once pricked out and may afterwards be 
drawn. For illustration in lectures, the sheet of tinfoil may be 
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pliiocd in front uf s. lamp, and tlie forms of equipotentiul cnrvcs 
or lines of Bow may be thrown on u screen. If llie curves be 
i on a circular disc, of tlie size of, or smaller than, the con- 
eing^Ws, the ivlir.li' series of eqiiii>otenJ,ial curvus on it may 

oil the Bcn<cn ot the same time. 

" C&te 1. — PIat« XXIX. {fig. 1} represents a sheet of tinfoil 

) millims. sfjnare, in which A and B, the hattt^ry poles, ore 126 

a[tart ; und the lipi' A B ie nearly parallel to a side and 

B through the centre O of the B(]uare; the point O is equi- 

tant from the two poles. 

f Not far from the centre of the sheet, and in the smaller curves 
lough an angle varying from 60° to 90° about the electrodes, 
< curves coincide with eircles, and in other parts of the 
w, when the influence of the edge is taken into account, 
le agreement with the curves as given by theory is remarkably 
eiact. 

" If a lai^ sheet of tinfoil bo taken, and the battery electrodes 
lie placed lur away from the edge of the sheet, then at all points 
not near the edge of the sheet the forms of the equipotcntial 
curves will be very nearly the same as in a sheet of infinite 



y In all such cast^ the equi potential c 



, when there 1 
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Eery electrodes in connection with the sheet, are circle* 

ring their centres on the straight line passing through the two 
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electrodes ; and the lines of flow are also arcs i 
pass tlirougli the two poles. 

" Cate il. — Fig. 161 represents a circular sheet of tmfuti, 
210 milUms. in diameter, with the electrodes on the circnmferenee, 
and at a distnnce from one another equal to the radius. The 
electrodes were small binding-screws placed as closely as poBsihIe 
to the edge of the disc. The differences of potential between two 
successive equipotential curves have been measured by the deflec- 
tions of the needle of the galvanometer. 

" The deflections were aa follows : — ^H 

From J: to a 150 ^| 

„ a to A GO ^H 

„ i to m ^1 

„ e to e 60 ^1 

„ 0to/ 60 ^1 

„ /toj7 50 ^1 

„ jluA 80 

" It will be seen that the fall of potential from kia d'\s, greatei 
than the fall of potential from <^ to ^. Tbis may arise from ^^ 
difference in the resistances of the contacts with the two battc^a^l 
electrodes. ^^| 

" The radii of the circles are 2S, 56, 290, 82, 2S and 12 miUim*|H 
beginning from the point k; and the distances between them, 
measured along the line joining the electrodes, are 20, 18, 15, 19, 
15, 10 andl2 millims. 

" The distances 13, 15, 19, 15, 10 correspond \a equal differences 
of potential; and hence the resistances of tlic portions of the 
disc between these consecutive equipotential curves are equal 
to one another. In this case there was considerable resistance 
between the binding-screw and the tinfoil disc at the point 
of contact; but this does not alter the forms of the equipotential 
curres. 

" Ca»e S. — Plate XXIX., fig. 2, represents a largo sheet of tinfoil 
18 inches square, with one electrode in the centre, hy which the 
ourrent enters the sheet, and four similar electrodes at four comers 
of a square, each being three inches from the centnil electrode, by 
which the currents leave the sheet. The electrodcu were needles 
with shoulders of brass three millims, in diameter soldered on 
tbem. 

" The four negative electrodes may he united together beneath 
the board onwhich the tinfoil is placed, by strips of copper screwed 
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to the electrodes by a small nut on each needle. On the needles 
which pass through the tinfoil are shoulders which come down 
tight on the tinfoil so as to make good contact. For these 
carves two cells of Grove were used ; and the difference of poten- 
tial between two successive curves causes a deflection of 50 
divimons of the scale. The resistances of the portions of tliis 
disc between successive equipotential curves arc equal to one 
another. 

" Oa§0 4. — ^The curves in Plate XXX., fig. 1, lying within the 
octant BAH, are equipotential curves, when one positive electrode 
A ia at the comer of a square sheet of tinfoil of which A II and 
A M are the edges, and one negative electrode at B, at a distance 
of three inches from A, the line A B bisecting the angle 1)etween 
the two edges. The curves between the lines A B and A M have 
not been drawn in the figure. 

** The carves, with two exceptions, are drawn at distances corre- 
sponding to equal differences of potential ; so that, omitting the 
interpolated curves, the resistances of the portions of the sheet 
between two consecutive equipotential curves are equal to one 
another. ' 

*^ This figure also represents the equipotential curves for a square 
sheet B A B|, of which A B and A B| are the edges, with one posi- 
tive electrode at A, and two negative electrodes at B and Bj, on 
the edges of the sheet. 

" We may also regard the case with one positive electrode at the 
centre^ and four negative electrodes at the comers of a square as 
eqoivalent to two sets, each set consisting of one positive and two 
negative electrodes, one on each side of it at equal distances 
along the same straight line on a sheet either unlimited or 
limited by that straight line. 

" Que 5. — The curves for this arrangement of electrodes are 
drawn in Plate XXXI., fig. 1 ; the distance from the positive to 
each negative electrode is 76 millims., or 3 inches, as in Cases 
8 and 4, the electrodes being near the centre of a very large 
sheet of tinfoil. 

''Taking the curve which cuts the axis at a distance of 54 mil- 
iims. from the centre, and at distances of 1 millim. on either 
aide^ the distances r j, r/ from the negative electrodes to the 
several joints on the curve differ by the quantities in the follow- 
ing table : — 
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rl). 

Si mllllnui. 



87 
" The curve drawn between those at &3 and 51 tnillimetim 
drawn as nearly dp poGsiUti at a distance of 532 niiUims. fi 

the centre. 

" Tlie result of this case shows that m the case of one and 
electrodes (Plate XXIX., fi^. 2), we may ex[iect the curves w1 
cut the nxis at a distance of about Si niillims. from the central 
be hyperbolae. The fifth curve from the centi-e is iu the posi- 
tion of the rectangular hyperbola, having its foci in the positions 
of the negative electrodes; and we Hnd, on measuring thi 
as well as the curve on the outside of it, that near the 
the curves arc accurately hyperbolas. This is also true of 
corresponding curves in fig. 4. Tlie curves first drawn in fig, 
were drawn at equal distances of 10 millims. apart along the 
axis, reckoning from the centre; and the differences of potential 
for these curves, reckoned from the centre, are proportional 
the numbers 

138, 85, 88, 100. 80. 
138 including the effect due to contact of the electrode. 
curves were afterwards iutcr|)olated in the neighbourhood 
position of the rectangular hyperlwla and around the neg 
electrodes, 

" The sheet of tinfoil in the last three eases was auffl 
large for the curves in the neighbourhood of the axis to ben 
to those which could have been traced on a sheet of infill 
extent. 

" The third equipofential curve from the negative poleCu 
rectangular hyperbola, and its vertex O divides the distance AC 
so that 

A ii U) A 1] ii» 1 is to V3 



1 




A O is equal to 53'75 millimet: 
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" Catt 6. — Fij. 162 represents tiie cnse of a circular disc, where 
the current enUrs at the edge and leaves at the centre of the disc. 

I Around the centre the curves are very nearly ellipses of small 
ntricity, the focus being at the centre of the disc* 

" When the fixed galvanometer- elect rode is at L, it is difficult 
tn find a Buccession of points forming a continuouB equipotential 
carve; the tracing- electrode may at one time be placed on the 
boundary of the shaded portion of tiie figure, and at another may 
be placed on the axis near the point Q, without causing any 
current tlirougli the galvanometer. 

"On placing the fixed galvanometer-electrode at Q, the tracing- 
electrode marks out two straight lines iu the neighbourhood of 
that point of the same potentiu! us the point Q, and each cutting 
the edge of the disc at an angle of 45° at that point. 

"ITie uncertainty in tracing this equipotential curve is explained 
by the fact, tliat each of the galvanometer-electrodes was rather 
more than 1 millimetre in diameter. 

" The equipotential curves which lie furlher from the centre cut 
the edge of the disc at right angles. 



• If ail 
tricitfii- 



Theoi 



I thtfraiiiuBof the dine, and r the dirtaiicB from lliect 



e ratting the axis at the point L at ■ distance of 16 millimi., i.e. 
(3 — 2^) a UoTsi the centre, has tiro branvheH cutting ana another at right 
anftlea at tha point Q. And vnch cutting Ihc ed^e of the disc at an angle of 
45°. the radrn* uf the dice being 3 70 inchtn. 
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To Deteriiine ExPEiti mentally the Likes op Flow and i 

ElJUIPOTENT[AL SURPACES IN SPACE OP ThKEE DiUENSIONS. 1 

"If two platinum wires, sealed inglass tul)es, withonly aehort 
piece of wire projecting from tlie sealed end, be immersed in a 
liquid, tlie other ends being connected with the poles of a battery, 
we bIibII have a close approximation to the ease of currents flow- 
ing from one point to another within a liquid; and by means 
of two other platinum wires similarly arranged, but attached to 
a galvanometer, we may trace out the forms of equipotential 
eurfuces within the liquid. If dilute sulphuric acid be employed, 
there will be polarization on the electrodes ; but by reversing the 
current alternately, and making contact only for a short time, 
the polarization may he kept small on the galvanometer-elec- 
trodes, provided they arc not moved far away from the samp 
cqui potential surface. 

" After a. few preliminary experiments to determine how far tb^ 
method was practicable, I began a delinite series of experimenl 
in March, 1872. For the experiments in dilute sulphuric acid, in 
sulphate of copper, and in sulphate of zinc, 1 have emplnyed a 
rectangular wooden box, 1 foot long, 8 inches broad, and 8 inches 
deep. On the edges of the box are fastened paper millimetre 
scales; a piece is cut out of the middle of tlie ends of the box, 
and a sliding piece fitted in to carry the battery electrodes. 
These sliding pieces are capable of motion parallel to the sides of 
the box, 80 as to place the battery- electrodes at different distances 




from one another (fig. 163), The galvanometer-electrodes 
placed firmly in brass tubes, which were accurately place 
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T pieces of wood^ bo as to be in a line with the point of inter- 
section of two edges of the T piece^ and to be vertical when 
the T pieces are placed on the edges of the box. By this means 
the rectangular co-ordinates of the point could at once be read off 
on the sides and ends of the box. 

'' The first experiments were made with the points at a depth 
of 10 centims. below the surface, the box being nearly full of 
liquid. In making the experiments the current was reversed, 
and the readings of the galvanometer taken on both sides of 
zero for each position of the electrodes. 

'' The battery employed was 20 Leclanche cells, the resistance 
of each cell being nearly 3 ohms, and the electro-motive force 
about \\ of DanielPs cell. The strength of the battery current 
was measured by a tangent-galvanometer of the form of Helm- 
holtz's double galvanometer; the deflection of the needles 
during these first experiments was generally 46^. The galvano- 
meter-electrodes could be brought up to within 1 centim. of the 
centre of the box. 

'' A preliminary series of experiments were then undertaken to 
determine and eliminate the effect of the polarization currents 
produced by the action of the electrified liquid of the galvano- 
meter poles, which were not found to be quite so small as had 
been hoped. These being completed, the equipotential surfaces 
in three dimensions were traced. 

'' The plane which is equidistant from the electrodes was shown 
to be an equipotential surface, namely, that at which the 
potential is zero. 

*' Ca9e 7. — Plate XXX., fig. 2, represents three sections of three 
equipotential surfaces, one through the point (50*10), another 
through the point (80*10), and a third through the point 
(lOO'lO), the battery-electrodes being placed at distances of 
10 millims. from the ends of the box, and 284 millims. apart. 

*' When the battery-electrodes are so near to the ends of the 
box, the distribution of the electric currents, and therefore the 
forms of the equipotential surfaces, will not be the same as in a 
conductor which is unlimited in every direction ; hence in com- 
paring these experimental results with theory it is necessary to 
take into account the influence of the ends and sides of the box.'' 

We must remember that the line — 150 in Plate XXX. fig. 
2, is the line A B in fig 163. 
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EsfERtUENTS WITH LlNKAK EleCTBOD ES. 

" Ca»e 10, — Tlie rectangular box was also employed to deter- 
mine the forms of the cylindrical equipot«ntiaI Etirracea when 
the electrodes are Btraiijht rods aod extend throughout the depth 
of the liquid. Sulphate of zinc was employed for these esperi- 
ments, and the electrodes were amalgamated zinc rods. Plate 
XXXI., fig. 2, represents the sections of the cquipotential surfaces 
when one battery -el eel rode \s at A, the centre of the l>ox, and 
the other at B, the middle point of one aide. These electrodes 
ore 100 millims. apart. The galvanometer electrodes in these 
experiments could not be brought within less than 5 niilHms. of 
the axis of the curves. 

" The curves drawn represent the sections of equipotential 
cylindrical surfaces which ore at distaucea of 10 millims. spurt, 
measured along a line which is pnrallel to and 5 mitlims. distant 
from tlie axis. 

" The case of a circular cylinder containing sulphate of copper, 
with the battery-electrodes at the two ends of a diameter, has 
also been worked out experimentally, and the cquipotential 
Burfacea are circular cylinders cutting the sides of the vessel at 
right angles. Mereury was tried for these experiments, but 
from its almost perfect conduc ting-power it was very difficult to 
determine two vertical lines in it whiih were precisely of the 
same potential. 

" Ca»e 11. — Another cose was worked out experimentally with 
line-electrodes in sulphate of zinc. One positive electrode was 
placed at the middle point of one aide of the rectangular box, 
and two negative electrodes were placed sym metrically at the 
same distance from the positive electrode, so that the lines join- 
ing the popitive to the two negative electrodes were at right 
angles to one another. This corresponds to the case drawn in 
Plate XXX., fig. 1, and the sections of the surfaces at points 
which are not near the side of the box are the same as the 
curves in Plate XXIX., fig. 2, or Plate XXX.. fig. 1. Having 
previously determined the forms of the.se curves in the tinfoil 
experiments, it was very easy to move the tracing- elect rode from 
one point to another on the same cquipotential curve, by making 
use of the curves previously drawn as guides for the electrodi 



I 
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Lines of Fix)w. 

The theory shows that the lines of flew cross the equipotential 
curves at right angles. Hence the lines of flow can be traced ; 
buty as no electricity crosses a line of flow, or, in other words^ as 
there is no current along an equipotential line, then, if from a 
sheet of indefinite extent we cut ofl* a portion bounded by lines 
of flow, we shall not affect the electrical distribution ; that is, if 
the theory is correct, the forms of the equipotential lines will be 
the same as before the sheet was cut. This was found to be the 
case, as will be seen on comparing Fig. 1, Plate XXX., and Fig. 
2, Plate XXIX., where in Plate XXX. one fourth of the sheet 
is cut out by the lines of flow joining the electrodes A B, A B'. 
On deducing the mathematical equation of the lines of flow, it 
can be shown that they are arcs of circles passing through the 
battery-electrodes. A comparison of this result with Fig. ], 
Plate XXIX., shows a very close accordance between theory and 
experiment, for a series of circles with their centres on the line 
YOY'and passing through the points X X, will cut all the 
curves at right angles. Of course the straight line XX is an 
arc of the circle whose centre on O Y is at an infinite distance 
from O. 

" The mauLcr in which curves calculated for a sheet of infinite 
extent are varied near the edge of a sheet not coinciding with a 
line of flow, is calculated and found to agree very closely with 
experiment. Some conclusions with regard to the eflect of vary- 
ing the depth of. the galvanometer-electrodes in the liquid are 
shown to agree exactly with experiment. 

"The equipotential curves for Case 10, with linear electrodes 
in the liquid, are theoretically the same as those for Case 5, 
with points on a sheet of tinfoil for electrodes. A comparison of 
the figures (Plate XXXI., figs. 1 and 2), which are laid down 
from the experimental results, shows how closely they agree, 
and may be taken to be an independent proof of the accuracy 
of the theory of electrical distribution. 

" It is interesting to know that the conduction of a current in 
an electrolyte resembles that of a current in a metallic conductor ' 
as far as the lines of flow are concerned.^^ 



42 ElectrihKinedcs. 



CHAPTER XXXin. 

THE INDUCTION COIL. 

Wb have seen, in Chapter XXIT., that if a magnet be placed 
inside a coil of wire and suddenly withdrawn, a momentary cur- 
rent of electricity will be produced in the coil, and that its electro- 
motive force will be greater the more suddenly the magnet is 
drawn out. 

If, instead of removing the magnet, we destroy its magnetism, 
we find, as we might expect, that a current is still induced in 
the coil. If, instead of a steel magnet, we use an electro- magnet, 
we can, by starting and stopping the current, make and destroy 
the magnetism much more suddenly than we can insert and 
withdraw a steel bar ; and so, on the destruction of the magnetism, 
we shall induce a current in a surrounding coil having a much 
greater electro-motive force than could be produced by the with- 
drawal of a steel magnet of equal strength. 

The induction coil is an instrument in which advantage is taken 
of the fact of electro-magnetic induction, to convert the electricity 
of the voltaic battery current, which has large chemical, heating, 
and magnetic effects, but of which the greatest difference of 
potential between its different points is comparatively very small, 
into electricity with much less chemical and magnetic power, but 
of which the difference of potential at different points in the 
circuit is enormous. 

In order to obtain some idea of the difference between the elec- 
tro-motive forces given by a battery through the medium of a coil 
and those of the largest batteries directly, we may note that 
Messrs. De La Rue, Miiller, and Spottiswoode,* found that with 
1080 chloride of silver cells, it was only possible to obtain a 
spark, whose length varied from -g-J^ inch (0'096 millim.), to 

• Proc. Roy. Soc., vol. xxiii. 1875, p. 367. 
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y^ iucli (01 tnillitn.), wbilc even Bmall induction coils give 
ejtarks of over an inch with one or two cells — and Mr. Spottis- 
woo<!e's ^eat coil, which ia describeil below, gives, with 60 
Bunsen cells, a spark of 42^ inches, or more than a metre. 

The induction coil consistfi mainly of an elect ro-mngnet placed 
inside a ooil of 6ue wire and an sppamtua for magnetizing, and 
demagnetizing the electro- mag net as rapidly as may be desired. 

The following is the general outline of its const ruction. A 
core of soft iron is covered by an insulating material, and round 
it are wound a few layers of stout insulated wire, in the form 
of a helii. This helix is called the pr'tmarg coil. Outside it 
and well insulated from it by means of a thick ebonite tube, is 
wound a very great length of very fine insulated wire, forming a 
great number of layers, each of which consists of a great many 
\vindings. The fine wire is called the teconilary coil. 

The core is usually made of a bundle of iron wires, as they will 
demagnetize more quickly than a solid bar. 

The ends of the primary wire are connected to a battery, the 
ends of the eecondary to discharging points separated by a 
greater or less interval of air. When the current is made or 
broken in the primary circuit, a certain difference of potential is 
caused by induction along each portion of the secondary circuit, 
each winding being acted on by the iron core, and by the portions 
of the primary circuit near to it. 

There are a great number of windings of the secondary, and 
a separate diiference of potential is produced in each. These 
being all added together produce a very great difference of 
potential at the discharging points, which difference is sufficient 
to break down the resistance of the air between the points. 

Plate XXXII. represents a coil, by Apps, in the possession of 
the author, which gives a spark of 17 inches in air, and has 24 
miles of secondary wire. 

It is very necessary that contact should be broken as suddenly 
as possible, in order that the differences of potential produced at 
different points of the secondary circuit may all act at once in 
producing a great difference of potential at the extremities. 

It is found that, except in very large coils, sparks are only 
produced on breaking the circuit, and even in very large coils the 
epark produced by closing is much feebler than that produced by 
o]>ening. This may be due to the fact that the magnetization of 
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the iron core tjikes longer to rise to its maximum vnli 
sink from its maximum to zero. 

The Cosdenseu.* 
This IS a very important portion of an induction coil. It 
consiEts of u number of sheets of tiufoii, separateii by mica, ^tta- 
percha, or paraffined paper. The Ist, 3rd, 5th, 7th, &c., sheets 
are connected to one end of the primary wire, the 2nd, 4th, 6th, 
8th, &c., to the othtr end. When the circuit la broken, the 
extra current,t induced in the primary wire by breaking, is in 
the same direction aa the primary current, and therefore tends 
to prolong the magnetization of the core. When a condenser 
is used, the extra current spends itself in charging it. The con- 
denrar then, instuutly discharging itself, sends a current in the 
reverse direction round the core, and at once demagnetizes it. 
The condenser is usually placed in the base of the coiL ^H 

Contact Bueakebs. ^^k 

THE VIBnATOU. 

Various methoda are used to make and break the circuit. 
The form of contact breaker which is universally used for small 
coils is called the vibrator (fig. 1C4). 





" Sm vol. i. p. G3. 



1, i. supix.rlo.l near ■ 
t See vol. i.p. 309. 



Contacl Breakers — The Vibrator. 
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oF the core by a brass or etwl spn'ng, which tends to pull it vsvf 
from the core, and to Turce a piece of platinum Eoldcred on to 
the back of the Gpriii}r a<^uinijt a pliitinum pointed stop. Tiie 
poBitioii of the latter can be regulated by ft screw. The primary 
current passes from the slop to tlie spring. 

A seond screw regulates the tightnes* of the spring. Tliis 




■htening screw works in an 
pially has an ebonite head. 

[ "When the current passca, the iron core becomes a magnet, and, 

ailing the spring forward, Beparntes tlie platinum points and 

B the current. This, at the same time, destroys the mag- 

itsm of the core, and the spring flies back and completes the 

reuit, when the process is repeated, and thus a constant vibni- 

27 
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tion is kept up. Wlien the spring is weak, the current is broken 
at a time whea the core has but Gmall magnetic stretigth, and a 
feehle iiiJut;tiun current is produced. By tightening the spring 
we may arrange the apparatua so that the current is not broken 
liU the core bus received nearly its maximum ol' magnetizittion, 
tind BO a much stronger current of induction is generated. 

The advantage of the vibrator is that, while using a strong 
battery, we can obtain either a very feeble spark, or nearly the 
maximum power of the coil, without altering the battery — the 
iifierence being made by simply turning the handle of the tighten- 
ing screw. The vibrator is not suitable for very large ooils, owing 
to the healing effect of the spark of the extra current at the 
point of make and break, which is sufficient to fuse the platinum 
points, and to damage the coil ; this sjiark also destroys the sud- 
denness of the break, for flame is a conduccor of electricity. 




I 



rig. lao. 

A coil giving a 17-inch spark in about the largest size for 
which the vibrator can be employed with safety.* 

* Mr. App« Infbnni mc that be hae Jiint 8ii«:e(!d(>d in using s vibrator fur 
a coil giTing 26 iiicliea Bpnrk. — March, 1880. 
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Clock akd Hand Bbeakh. 

In these iaBtmmente a platiaum plunj^er is lifted id and out of 
an amalgam of mercury and platinum at the bottom of a glass 
vessel, the tipper part of which is full of alcohol, placed there 
to extinguish tlie extra current spark. In the hund-hreak, 
fig. 165, the plunger is prciwwl down {to make contact) by 
hand, and raised again by a spring. In the clock break, fig. 
106, the plunger is niiseil and lowered by a crank attached to 
a clock. The speed of the clock ia regulated by means of funs 
which can be tumcd so as to offer greater or less resistance to 
the air. 

The drawings are from breaks by Apps. 

Spottiswooue'8 Whkbl Bruk. 
Tliis is used for vacnum tube experiments. Its object is to 
make and break contact very rapidly. It consists of a brass 
wheel with a number of radial slits filled with ebonite. A light 
platinum spring presses on the circumference, and is held in a 
damp lined with india-rubber to deaden its vibrations. When 
the wheel revolves, contact is broken as each slit passes the spring. 
There is a small pulley on the axis of the wheel round which the 
driving-band passes. The band may either be connected to a 
fly-wheel turned by hand, or, as in Mr. Spottiswoode's labo- 
ratory, to a small steam-engine. 

SpornswooDE'3 Rapid Bkkak.* 

Fig. 167. 

End elevation of Conlact-irtaitr. n«l[ me (linear). 




• Proc. Roj. Soc, vol. 




A. Maboftsn; In 

B. Heavy brass column f( 
C TibratinR spriog. 

D. Br&u oolaniD Tor Bapporting borlzt 

E. Platinum tipped strew Tor contAcU 

F. FrictioU'Colliir for bolding steidyiug-nJ 

G. SWndying-arm. 
H H. Tomiinala. 

I I. Elsotro'magnet. 
K. LeTer-arm for Sna odJaBtmcnt. 
L. Level ling- screw. 
H M. CoDipQuaatiiig weiglits. 

N. WoudOQ pillar for aleciro-mngnot. 

This is a particular form of break which has Leen used hy 
Mr. Spottiswoode fur vacuum -tiilie experiments. The contacts 
are made and liroken by tbe vibrations of a short stout steel 
rod riyidly fixed at one eud, and kept in action by a email 
independent electro- ma f^ net. The number of vibrationa per 
second made by the different rods tried, under the action of the 
magnet, varied from 700 to 2500. The amplitude of each vibra- 
tion was not more than -j-J^ of an inch.* 

■ With regard to there breaks, Hr. Wnrd. Ur. Spottiswoode's asaistnnt, wbo 
inTented the " rapid " break, writes to me, " One feature about the ' rapid ' iind 
' wheel ' breaks \e the exceedingly small quantity yielded by them. In some 
•mall coil* the length of spark, witb ft vibrating break, n sboat A inch, and yon 
eannot bvar to have that passed through four body, ns the ihock is so great. 
In using my iiip id break with larger coils, jou can get discharges } and j ton;;, 
which you csri piwa fearlessly through any part of the body. I also noticed 
the oam|)arativcly high tttitie quality of spsrk in another lorn — that ia, the 
way in which the electrodes of the ooil attract pieees of paper, &c., and the 
wfty in which the wires from tlie electrodes, if they te fme U> move, attract 
one anulher xt great diataiicea." 
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Gordon's High-Speed Break. — Plate XXXIII. 

The present writer has arranged a bi'eak for experiments on 
specific inductive capacity in which an enormous speed was 
required (see vol. ii. page 112). It consists of a little electro- 
magnetic engine,* the fly-wheel of which is about two inches 
diameter. Sixty slits are cut in its circumference and filled with 
ebonite ; a light spring presses on it, and the primary current ou 
its way from the battery to the coil is made to pass from the spring 
to the wheel. When the wheel revolves, the current is closed sixty 
times and broken sixty times during each revolution. ' 

When the engine is driven by four large Grove's cells, the fly- 
wheel revolves just 100 times per second, so that the primary 
current is made 6000 times and broken 6000 times in each 
second. 

Mr. Spottiswoode's Coil. — Plate XXXIV. 

A description of this, the largest coil ever constructed, will be 
found in the Philosophical Magazine for January, 1877. 

It was made by Mr. Apps. The total weight of the coil is 15 
cwt. ; its length 4 feet ; its external diameter 20 inches. It is sup- 
ported on two massive pillars at its ends, while a central pillar, 
adjusted by a screw, provides against any bending that may 
occur. 

There are two primaries, one of which may be replaced by the 
other by two men in the course of a few minutes. The one to 
be used for long sparks, and for most experiments, has a core 
consisting of a bundle of iron wires, 44> inches long, by 3'56 inches 
in diameter, and weighing 67 lbs. 

The copper wire of this primary is 6G0 yds. long, -096 inch 
(nearly -j^ inch) in diameter, and has a total resistance of 2*3 
B.A.U., with a conductivity of 93 per cent. It contains 1344 
turns, wound in six layers ; its weight is 55 lbs., and total length 
42 inches. The other primary, which is intended for short thick 
sparks, has a thicker core, weighing 92 lbs., and the wire is wound 
in double strands, so as to give much less resistance. 

The secondary coil consists of no less than 280 miles of wire 
forming a cylinder 37*5 inches long, and 20 inches external 
diameter. The total resistance is 110200 B.A.U. It is wound in 

• See Chapter XL. 
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four sections. The diameter of the wire used for the two central 
sections being '0095 (nearly yj^ inch) and those of the external 
a little thicker. 

The object of the increased thickness of the wire near the ends 
is to provide for the accumulated charge which that portion of 
the wire has to carry. The total number of windings of the 
secondary is 341^850. In this as in all other large coils made 
by Mr. Apps, the secondary is wound in a number of discs 
separated by plates of ebonite. The reason of this is that when a 
coil is w^ouud in layers, portions of the wire, whose potential are 
very different, are near together, and a great strain is put on the 
insulation. AVhen the wire is wound in discs, the portions whose 
potentials dilFer very much are separated by the ebonite plates. 

It was found that the condenser required was much smaller 
than might have been expected. One of the same size as that 
used for a coil giving a 10-inch spark proved to be most suitable. 
It consists of 120 sheets of tinfoil LS x 18'"i5 inches, separated 
by varnished j)iiper. 

Using the smaller primary, this coil gave : — 

With 5 quart cells of Grove a spark of 28 inches. 
With 10 „ „ „ 35 inches. 

With 30 ., „ „ 42^ inches. 

A si>ark of 42 i inches is by far the largest that has been 
obtained by any electrical apparatus whatever. 
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CHAPTER XXXIY. 

OS THE DISCHARGE OF THE INDUCTION COIL AND DISCHARGE 

GENERALLY. 

The discharge of the induction coil presents many analogies 
with that of electric machines^ particularly of the Holtz form, 
and accounts of the appearances seen in discharging the one will 
frequently, though not always, be applicable to the other. 

The phenomena about to be described have, except where 
the contrary is stated, been observed with the 17-inch coil (Plate 
XXXII.), worked by 10 quart Grove cells, in series. When the 
discharge is taken between a point and a disc separated to 
the maximum distance over which a spark will pass, and the point 
is made positive, the discharge consists of a zigzag line of bluish 
white light, and is accompanied by two distinct sounds ; one^ a 
crackling which, when a slow working break is used, resolves 
itself into a separate sharp report like that of a small percussion 
cap at the instant of each discharge ; and the other a hissing sound, 
caused by the appreciable time required by the 22 miles of secon- 
dary wire to discharge itself. 

This last effect is more particularly noticeable when the points 
are near. In Mr. Spottiswoode's great coil, when the points are 
placed four or five inches apart, the hissing discharge lasts some 
two seconds or more. When the point is positive, the discharge 
always takes place near the centre of the disc, but seldom twice 
in exactly the same spot. When the current is reversed so as to 
make the disc positive, then with the same battery power only a 
much shorter spark can be obtained, and it takes place between 
the point and the edges of the disc. I am not aware that the 
reason of this difference is known. 

When the battery power is weakened, or the vibrator spring 
relaxed so that the coil will not give quite its full spark, then, if 
the discharging rods be separated to rather a greater distance 
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t!ian that over wliich tlie spnrk can pass, tbe space betwet'ii will, 
if the room be darkened, be observed to glow with a fuint bluu 
light, extending for some 2 or 3 inches in uU directions round 
tbe line joining the poles. This has been called the brush dis- 
charge. 

When tbe points are put at about tlie maximum distance over 
which a spark can pasB, the spark and brush discharge are 
frequently observed together. 

When the points are brought within some £ or 3 inches of 
each other, the discharge is thicker but nearly silent, and is snr- 
rotinded by a mass of yellow flame of some \ inch to J inch thick. 
This is caused chiefly by the combustion of the sodium in the 
air. It can be blown away by a current of air, leaving the spark 
unaffected. A candle or piece of paper can be lighted at it. 

The discharge from even a very small coil, if taken ihrough the 
body, produces violent pain and muscular contraction, the patient 
being usually unable to leave go of the electrodes. The discharge 
of such a coil as the 17-inch would probably be fatal; indeed, 
that of a coil giving a i-inch spark is the maximum that could 
be taken with safety," 

If an ordinary looking-glass, about 15 inches by 10 inches, 
be set with its back against the disc of a 17-inch coil, and the 
point be put near the middle of the glass face, a very beautiful 
e(fcct is observed. The discharge appears to strike the glass, and 
breaks in a kind of spray of fire, streaming in every direction to 
the edges, whence it is conducted by the mercury and wooden 
back, to the disc. 

By placing the points of the secondary at opiKisite sides of 
pieces of plate-glass, and eurrounding the terminals with cement, 
considerable thickness of plate-glass can be perforated. With 
the great Polytechnic coil, only smaller than Mr, Spottiswoode's, 
5 inches of glass were perforated. Mr, Sjxittiswoode as yet has 
only tried perforating 3 inches, but he found that it only took 
a 28-inch spark, produced by 5 quart cells, to do it. He calcu- 
lates that with a 4:i-inch spurk he could perforate 6 inches. 

• With Ibe great coil made by ilr. Apps fiir the Polyteehnio InBtitation, 
which gave 29 inubet apark, a ithuuk wue admiDintered to a ralihit without 
causing duath. It ia probable, however, as the rabbit was mui'h less than 
20 inches long, that the greater part of tbe dijebarge piifacd round hiui 
through ibe air and not tlirough his budy. 
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DiSCUAEGE WITH THE BaPJD BuEAK. 

Sy using one of the rapid breaks, e^«a/ alternate electrifications 
can be obtained. A large coil and a small battery must be em- 
ployed. 

With the 17-inch coil, worked by ten small Leclanch6 cells 
in series, and the high-speed break (Plate XXX II I.); the elec- 
trifications of the secondary poles can be reversed some 12,000 
times per second, and the make and break current are found to be 
nearly exactly of equal strength. A spark of about -^ inch is 
obtained, which corresponds to an electro-motive force of about 
2050 chloride of silver cells.* 

Secondary Condenser. 

If wires be led from the secondary terminals to the opposite 
coatings of a Lcyden jar, or other condenser^ the character of the 
discharge is changed. The discharges are not quite so frequent, 
as the jar has to be charged between each spark, but the spark is 
of a dazzling white, and instead of the usual smart crackle of 
the impinging sparks, a series of deafening reports are heard. 
If a slow working break is used, so that there is an interval 
between each discharge, the metal disc is heard to ring after 
each spark, as if it had been struck by a hammer. 

A secondary condenser is always used for spectroscopic expe- 
rimentf^ as the spark has great deflagrating power. When a 
spark is taken between a point and a polished plated disc, each 
discharge causes a minute dot on the bright surface, which 
cannot be rubbed off. It is due to the volatilization and burning 
of a small portion of the silver. Instead of a single Leyden jar, 
several connected either '* for quantity ^^ or " in cascade ^' may be 
used. The latter plan gives the best results. f 

The noise caused by a ^-gallon jar, with a 17-inch coil, is 
sufficient to make it necessary to shout in order to be heard. 

♦ See Phil. Trans., 1879, pp. 419 and 423. 

t Leyden jars are said to be connected for ** quantity " when all the inner 
coatings are connected to one pole, and all the outer to the other. When jars 
are arranged in " cascade," the inner coating of the first is connected to one 
pole, and its oater coating to the inner coating of the second. The outer 
coating of the second is connected to the inner one of the third, and so on. 
The outer coating of the last is connected to the other pole. All jars con- 
nected in any way to large coils mast be placed on insulating stands, and not 
connected to earth. 
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At tbe same time, as tbe strength of the spnrk is increased,^ 
the length Is decreuswi. With a large jar in my possession, ' 
wbieh contains H g^allons, and has 7 J equnre fuet of coated | 
surface, the maxtnuim spark which the 17-inch coil will give ii 
something under 1 inch. With small jars, the length of the 1 
spark is limited by tbe size of tbe iincoated portions of the jara, I 
as when tbe points are separated by more than a certain distano»l 
the spark springs round the glass. With a J-gaUon jar of iha I 
^hape usually sold, about 5 inches spark can be obtained. 

The jar discharge will perforal« paper, but not ignite it, 
iNDrcTios Coil anh Magneto Electric ob "Dynamo" 
Machine. 

In November, 1879, Mr. Spottiswoode • published an accoQni 1 
of some experiments, in which a 20-inch coil was excited \>j\ 
means of the current produced by De M^ritens' dynamo machinej-f 1 
worked by a 3i horse-power gas-engine. Tliia machine gives J 
alternale currents whose direction is revereed about 16 x 1300 1 
= 20,800 times per minute, and therefore no contact breaker J 
or primary condenser are required. 

This method of working gives secondary currents having great J 
" quantity." 

With a 20-iuch coil the spark is about 7 inches long, and hari I 
the " full thickness of an ordinary cedar pencil." The discharge 1 
is extremely regular, and can be used for spectroscopic purposes J 
without a secondary condenser. 

DlSCUAHQE IN IIaEEFIED AiK. 

When tbe discharge either of a coil or electrical machine i«. I 
passed through a tube, or other vessel connected to an air-pump, 
it is found that as the pressure diminishes the length of spark 
wbieh can be obtained increases. A great many experiments have 
been made to determine the exact law according to which the 
Bpavk length increases as the pressure diminishes. 

In 1834, Sir Wm. Snow Harris statedj that, other things beiny I 
equal, the length of the spark which an electric machine or Leydea. I 
jar will give in air varies in the simple inverse ratio of the pressure. 
He however gave no tables or figures in support of his law, 

• Pbil.Mag., 187fl,p. 390. 

t See Chapter XL. 

I Phil. TraiiB.. 1831. 
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In the experiments made 'by M. Masson^* the spark passed 
either between two balls in the air, or between two similar balls 
inside a globe in which a more or less complete vacuum could 
beprodaced. The distances between the balls could be varied, 
tt well as the pressures. Within the limits of his experiments, 
^. Masson found that the length of spark was inversely propor- 
tional to the pressure. The greatest length of spark which he 
»^wa8 11-1 millims. 

In 184-3 M. Knochenhauerf worked with a constant length of 

*Pfifk of about } inch,^ and measured the electric density recjuired 

^ produce a spark in air at various pressures. Within the 

iimits of his experiments he found that the ratio of the electric 

aensity required to produce a spark, to the pressure of the air, 

''^^^I'eases sensibly as the pressure diminishes. Now the length 

^* ^Jwrk is proportional to the electric density ; and therefore 

^^'^Ochenhauer^s results show that the law given hv Harris and 

^^^son does not hold for all distances and pressures. 

V\ledemann and Ruhemann§ found a purely empirical formula 
^^ variations in the lengths of sparks where the longest spark 
^'^% 9-95 millims. 

Gordon's Experiments. 

At the Dublin Meeting of the British Association the present 

^^ter gave an account|| of some recent exj>eriinents which he has 

^ade on the subject. In them an attempt has been made to 

^^termine the ratio of the spark-length to the pressure for dis- 

^nces ranging from 6 inches to 30 inches by means of one and 

^lie same apparatus. The experiments dilfer from any former 

Experiments with which the author is acquainted, in the fact that 

ftn induction coil was used as the source of electricity instead of 

an electric machine. 

Apparatus used. 

The coil was the 17-inch coil already mentioned (Plate 
IXXII.). 

* ** Annales tie Chiiiiie," 3* s^iie, t. xxx. ; or Mascart, ** Electricite 
Statique," t. ii. p. 94. 

t ^^^^' ** Ann." Iviii. p. 219 ; or Mascart, t. ii. p. 95. 

X He does not state the length of spark he used, hut gives the height of 
his whole apparatus, and a drawing which, if it is to scale, shows that the 
discharging balls were about } inch apart. 

§ Mascart, t. ii. p. 97. 

il Phil. Mag., Sept. 1878. p. 185. Abstract in B. A. Report, 1878, p. 433. 
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It waa worked bj- 10 quart cells of Grove's battery arranged 
in series. It was provided with a vibrator and with a clock 
contact-breaker, either of which could be used. 

The Air-Pump was of the ordinary Tait's construction. 

The IHteharging Tubes. — These consisted of two cylindrical 
^kss tubes about 4 feet (L'33 metre) long and nearly 3 inches 
diameter. At one end of each was a tap, the brass pipe from 
which ended in a ball which formed one of the discharging 
terminals. Holes in tlte side of the brass pipe admitted the air 
from the t.ip to the tube At the other end of each tube was a 
stuffing, hos, in which a bi-nss rod slid; at the end of the brass rod 
was a point which could cither he placed in contact with the ball 
or witiidrawn some 3 feet from it. The end of the rod was kept 
idways in the axis of the tube by means of three little glass arms, 
which were Inscrled into an ebonite collar fixed on the discharging 
rod a little behind, the point. Tlie two tubes were supported 
in a horizontal position, parallel to each other and about 18 
inches apart, on four ebonite logs about 13 inches high. The 
tubes were joined to the air-pump by means of the pipes and 
taps shown in fig. 109, which were so arranged that the 




tubes could be quickly connected to each other, to the external 
air, to a gas-holder, or to the pump. Between the tubes and 
the pump the metal pipe was cut, and a piece of glass tubing 
about 1» inches long, well varnished with shellac, was inserted, 
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60 that the electricity might not pass to earth through the 

pump* 

The Experiments. 

When the tubes were shut off from the pump^ air could always 

be let into the glass pipe to prevent the discharge passing to 

^rtk inside it, as it would do at low pressures. The distance 

brtweenthe point and ball in each tube was measured as follows: — 

^ey were placed in contact^ and an ink- mark was made on the 

uischarging rod just outside the collar of the stuffing-box. When 

^ rod was slid out, the distance of this mark from the collar 

^^ equal to the distance between the point and ball. The 

Pressure was given by a U-gauge, about 4 feet hi*fh, attached to 

*"® air-pump at one end, open to the air at the other. 

The pressure P was given by the formula — 

^ \ height of barometer} — {diflerence of level of mercur}' in the two amis 

of the U}. 

, *^tifore bein<j admitted into the tubes, the air was dried bv 

^'^g drawn through sulphuric acid. When it was dosirtnl that 

^ t:)ressure of the air in the tube should equal that of the ex- 

^ ^5J atmosphere, air bubbled through the acid as long as the 

/^^irence of pressure inside and outside the tuln? excee<led that 

'^lie inch of acid which had to be displaced, and then the tap 

^ opened direct to the outside air. The external diameters of 

.. *^ tubes were about 2*01 and 2*76 inches respectively, and the 

^^ Meters of the balls '94 and 1^2 inch. 

Xn the experiments, one of the tubes (A) was loft open to 

^ ^ atmosphere, and its discharging point placed at a standard 

^ stance either 6, 8, or 10 inches from the ball ; and the other 

^V)e (B) being nearly exhausted, experiments were commenced 

^^ the low pressure, and then a little air was let in between each 

^^servation. The tubes were so connected to the coil that the 

discharge would pass in whichever tube offered least resistance. 

The discharging distance in B was then varied and adjusted to 

the shorfest distance, which caused the whole dischar<^e to pass in A. 

This distance having been noted, the points in B were brought 

nearer together till they reached the longed distance at which 

* Mr. Apps iuforms me that it is injurious to the coil to connect either 
secondary terminal to earth when using long sparks. 
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the whole discliarge passed in B.* Tlie mean ot tlu-eo two dis- 
tances was takea as the distance which, at the pressure then 
being worked with, interposed in Ba "resistance" equal to that of 
the standard length ta A of air at the pressure of the atmosphere. 
Let us call this mean, " mean B spark." Now, if the law that 
the epark-lengih is inversely proportional to the pressure holds, we 
should have for the same series of experiments — 

{ramn Uvparkj iprefsure in B} = i.i>nBt. ; 
and to compare different sets made with different distances in A 
and with the haronieler at different' heights, we should have — 
{mean B aparkj ^prei-sare in Bj _ ^ ^. 
{liUtHDCe in A] {height of baroineterj 
If the two tuhes and the disclmrging point* were precisely alike, 
this constant would be unity. Any slight difference in the shape 
of the points and balls would cause it to differ from unity, but 
would not affect its constancy. 

Resilts. 

The table (pp. 60, 61), which explains itself, gives the 
results of several sets of experiments arranged in ascending order 
of pressures. 

The results which I deduce from it are : — 

(I) From a presBUrc of about 11 inches up to that of th« 
atmosphere Harris's law approximately holds gwid. No variation 
.f'l'om it indicating any other law is observed, 

(2} No law can be said to be more than approximately true} 
for when the density baa almost reached the discharging limit, 
any slight accidental circumstance, such as the presence of a 
grain of dust, a little burning of the point by the last dischai^, 
&c., wilt cause the discharge to take place. Professor Clerk 
Maxwell has compared this experiment to the splitting of a piece 
of wood by a wedge. It is possible to determine llie average 
pressure on the wedge which will split the wood; but in any 
particular experiment it is impossible to say that the wood will 
split exactly at that pressure. 

(8) When the jiressure is diminished below 11 inches, the 

' Tlie fact th&t the discharge only divjiletl itself between the two tabu, 
en the "rfsintancea" were almost equal, mnfiruis Mr. DaLb itiip'a diacoverj 
I. ii. page 62) tbnt dismptiTe dischargeu Jo nc>t obpy Ohm's law. 
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product in column YII. rapidly diminishes. This shows that 

at low pressures the spark produced Ly n ^ivcu electro-motive 

fortie is much shorter than is required by Harris's Iau% or that 

the electro-motive force required to produce a spark of given 

l<?Qgth is at low pressures greater than that required by Harris's 

W This agrees with what Mr. De La Hue lias shown 

M. ii. page 82)^ namely^ that at all pa'ssures, however low, the 

discharge is disruptive, and none of it passes by conduction. If 

*oj portion could at low pressures pass by conduction, we might 

expect that a smaller and not a greater electro-motive force would 

'^'^aired than that calculated by Harris's law from experi- 

^^Dtfi at high pressures. 

Sir Wii. Thomson's Experiments. 

-^t is interesting to compare these results with Sir William 

''^imson's historical experiments " On the Electro-motive Force 

^^ired to produce a Spark."* 

-'-ti these experiments the potential or electro- motive force 

^^ired to produce a spark was measured by an absolute electro- 

^^«r.f The following table of results was obtaintHl : — 







■Electromotivofort^ 


Length of Bpark 
in inches. 

1 


ElectrnmotiTe forco 
(in arbitrary unitH). 


})or inch of air (in 

arbitrary units], 

that 18. 


8. 


E.M.F. 


E.M.F. 

S. 


InchM. 


t 




j 007 


2ii95 


3499 


•0105 


! 80000 


285 7 


•0115 


8 ir>22 


2750 


Oil 


8 6055 


2575 


•017 


400tK) 


2353 


•018 


4-35S9 


212 2 


•024 


54772 


22>5-2 


•0295 


6-3245 


214-4 


•03 i 


70710 


20S() 


•0385 


7-7459 


2U1 2 


•ou 


8-3666 


2011 


•OMo 


8-91'(2 


2010 


048 


9-4868 


197^6 


•052 


10 0000 


192-3 


•055 


10-4880 


190-7 


•058 


10-9544 


188-9 


•OGO 


11-4017 


1900 



• " Papers on Electro-statics and Magnetism /' p. 247 ; Proc. Roy. Soo., 
1860, vol. X. p. 326; Phil. Mag., 1860, 2nd lialf-yesir. 
t Vol. i. p. 66. 
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The first column (on pag-e 69) gives the length of spark in iuches, 
the second gives the eorresponding electro- motive force, and the 
tliird is the ratio of the Jatter to the former, and gives the electro- 
motive force per inch of air at the different distances. If the 
electro-motive force required had varied directly as the airEpace, 
the third column would have been constant. 

It is seeii, however, that the laet column is by no means 
constant; but the numbers shoiv a very curious and unexpected 
result — namely, that greater electro- motive force per unit length 
ofairis required to pr<xlucc a spark at short distances than at 
long ones; or, if we adopt Faraday's view that the tension exists 
in every part of the air, they show that air in a thin stratum has 
greater strength than when it is in a thick one. 

It will bo seen that my results (pages 61, IJ2) agree very well 
with Sir ^Villiam Thomson's; for he writes, "Greater electro- 
motive force per unit length of air is required to produce a 
spark atahort di»faace» than at long" For the words in italics I 
substitute "at low pressures than at high." We may then both 
write "with a low air 'resistance' than with a high one," or 
"with few air particles between the points than with many." 
Sir William Thomson says of his result, " It is difficult even to 
conjecture an explanation ;" I can only say the same of mine. 

De La BdE and MSlLEe's ExP£RlUEIfT3. 

On August Z3rd, 1877, Messrs. De La Rue and Muller com- 
municated to the Royal Society * a paper, in the early part of 
which they describe a series of experiments on the " striking 
distance " — that is, the length of spark ohtainablp, from batteries 
of from 1080 to S04U chloride of silver cells, in various gases, 
and with terminals of various materials and shapes. 

The spark-lengths were measured by means of the discharger 
A B (fig. 170), which could be placed inside the receiver G G' 
of an air-pump, when it was desired to surround it with an at- 
mosphere of any gas. 

The discharges took place between the point P and the disc 
D. Teiminals of other shapescould be substitnted forthis point 
and disc. 

To measure the distance between P and D, the micrometer 
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"^ A wai read when a spark was just able fci ]>as9, and then 

'fewrMV-head was turned till P and I) jnst came into contact. 

'Oe micrometer A bein(; ug^aJn rtat!, the diderem'e of the two 

'**dtng8 jjave the " striking diBtance." Tlie position of contnct 

«^tweini P and D was determined by arranging 2 cells, so that 

. tneir current, which was shown by a det£vtor galvanometer, passed 

Men contact was egtablishi;d. The rod R, which works in a 




nc.170. 
*tnfEng--box, enabled the aorew-head A to be turned without 



Opening the r 

The following table gives a summary of the results ob- 
tained by Messrs. De La Rue and Miiller, for discharges taken 
between two Bpherieal surfaces. 

For purposes of comparison, the numbers given in Sir "Wm. 
Thomson's paper, in another table to that on page 69, have 
been reduced into volts, and are given in the black figure.s. 
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It will lie «een that Mr. De La Rue's results 
main with Sir Win, ThomeoD's, but that the diminution 
rapid. 

Plain Suaihert, Ckluridt of Silver Batterg. 

Black Nambert, Sir Wm. 2^onuui>'« SaulU. 



4^ 

-ree in the 1| 



BpwklaiEthliiliuTbH. 


Id ^-.^liOM. 


Dlflbraii« or pnl«T.l«l In *oll. 


000487 
000575 
001434 
001738 

0-'i2624 

o-oaiof* 

0'03703 
0-04388 
004926 
0^660 
0-06287 
0-07026 
O07660 
0-08276 


000340 

000500 
000600 
000750 
OOlUO 
01610 
02220 
02300 
02710 
f^ 03560 
004160 
00522 


1080 
1200 
f 2160 
I 2100 
32iO 
3600 
4320 
4800 
5400 
58»0 
6410 
6960 
7560 


88,060 
84,6W 
61,090 
66.010 
62,050 
48.660 
47,320 
43.210 
41.460 
42,210 
41.790 
40,180 
40,160 
39,420 


80,330 

77,000 
78.660 
67,260 
60.220 
4fi.450 
43.210 
41,870 
42.250 
40.480 
30.630 
39,310 
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Discharge in Dikfeusnt Gases. 

On May 17, 1877,* Messrs. De La Rue and Miillcr stated 
that the length of spark g-iven by a battery at ordinary atmo- 
spheric pressnrefi in the following gases is the longest in the 
order in which they are enumerated — hydrogen, nitrogen, air, 
oxygen, carbonic acid — it being nearly twice as long in hydrogen 
ns in air. 

The spark does not appear to be dependent on the specific 
gravity of the gas, but may have some relation to its viscosity. 

Vacuum Tubes. 
\Vhen the pressure of the air is less than about 15 inches of 
mercury, the appearance of the discharge changes considerably. 
The whole gas within the tube glows, and if the light he 
examined with a, spectroscope, it will he seen to give the cha- 
racteristic spectrum of the giia. 

• Proc, Roy. Soc., ixri,. 1877. p. 227. 
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When the exhaustion is continued by a mercury pump till the 
pressure is only a very small fraction of a millimetre^ the whole 
tube is filled with a bright light, of which the colour varies with 
the nature of the residual gas in the tube. 

If any fluorescent substances are placed in the tube or surround- 
ing it — if, for instance, a portion of the tube passes through a 
solution of sulphate of quinine, or part of the glass be coloured 
with uranium, they will glow with their characteristic colours 
when illuminated by the electric discharge. 

In these " vacuum tubes," as they are called, the electrodes 
usually consist of platinum or aluminium wires, passed through 
the glass, which is then fused round them. 

Platinum is particularly suitable for this purpose, because 
its expansion rate is about the same as that of glass, and, 
therefore, it does not crack out of the glass on cooling. A 
little opening being left at one side of the tube, the glass is 
drawn off into a capillary tube and attached to a Sprengel air- 
pump. 

When the exhaustion has been carried as far as required, the 
capillary tube is heated in a blowpipe flame till it softens, when 
it is drawn off and so closed, a process which is assisted by the 
pressure of the external air. 

Plate XXXV. represents a tube in the possession of the author. 
The spiral portion near each end passes through a solution of 
sulphate of quinine contained in a wider external tube. The 
green portions are coloured with uranium. 

The red shows the natural colour of the discbarge in rarefied 
air. The sulphate of quinine is quite colourless by ordinary 
daylight, and the uranium very nearly so. The illumination of 
these portions of the tube by the discharge shows that the latter 
is peculiarly rich in the ultra violet rays of the spectrum, for it 
is these which produce fluorescence.* 

It is observed that only one of the bulbs at the ends is 
strongly illuminated. It is the one connected with the 
negative electrode. On reversing the current, the other is 
illuminated. 

* See Lommel, " Optics and Light," ch. xiii. International Scientific Serieii 
(Kegan Paul). 
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Effect of Magnets. 

It 18 found that the discharge in rarefied gas is attracted 
repelled by a magnet in the same way as a wire carryi 
current subject only to the difierences caused by the fact 
the wire is rigid and the discharge flexible. 
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STRLE. 



It is observed that when the vacuum tube is made somewhat 
narrow, as, for instance, when it is of the form shown in fig. 171 




Fig.VTL 

that in the narrow part the stream of light is not continuous, but is 
separated into a number of discs of light. 

Under certain circumstances these discs are also observed in 
larger tubes. They are called " strise '* or stratifications. Their 
cause is not yet fully understood. Mr. Spottiswoode, Mr. De La 
Rue, and Mr, Miiller have been for some years investigating 
the subject, and most of what is now known about it is due 
to their labours, and to those of Mr. Gassiot, 

Mr. Spottiswoode's great coil, already described (vol. ii. page 
49), was constructed especially for investigations of the striae, but 
it has only lately been completed, and we shall have therefore to 
wait a little longer for the important discoveries which no doubt 

will be made bv means of it. 

to 

The following is a summary of the present state of our know- 
ledge on the subject : — 

Experiments op Gassiot. 

On May 24, 1859, Mr. Gassiot communicated to the Royal 
Society* the fact that an induction coil is not necessary for the 

• Proc. Roy. Soc., vol. x. p. 36. 
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production of stria?. He found that a " water battery " of 35£n 
insulated cella would produce a constant succesiiioii of sjiarks 
between two copper discs \ inch apart. Wheu its poles were 
connected to the ends of a " carbonic acid vacuum" tube, wbose 
electrodes were some % inches apart, a stratiOed discharge was 
obtained. ^^ 

The striffi were also observed when 400 cells of Grove's b&tl^^| 
were usetl. ^^| 

Cardonto Acld Vacua. 

These carbonic acid vacua* were obtained as follows : — A tube, 
open at bntb ends, had one end connected to a Sprengel 
pump and the other to a receiver, containing' carbonic ocid. 
Some caustic potash was placed in the tube. When nil the air 
had lieen reiilaced by carbonic acid, the end of the tube next the 
receiver was sealed. The tube was then exliausted as com- 
pletely as possible, and the second end sealeJ. On being heated, 
the caustic potash absorbed nearly the whole of the residual 
and an extremely perfect vacuum was the result, 



Experiments Costinited. 






On Feb. 6, 1S60, Mr. Gassiot made another communication 
to the Royal Society,t in which he described some experiments 
made with 513 cells of Daniell's battery, with which he also 
obtained st ratifications. 50(1 cells of this battery seems about the 
minimum number which will show this phenomenon, as with 480 
Mr. Gassiot was unable to observe it. 

When condensers, consisting of from 110 yards to If) miles of 
submarine cable, were connected to the tubes, the light in the 
vacuum tube lasted, after disconnection from the battery, for 
from a time too short to be measured with the 110 yards, to 
\\ seconds with the 16 miles. 

Mr. Gassiot finally concludes that the stratified discharge 
of the induction coil arises from a force acting on highly at- 
tenuated but resisting media ; and that the same explanation is 
also applicable to discharges of the voltaic battery in vacua, and 
that the fact of this discharge having been ascertained to be also 

* Carbonic Acid Vacua ; Pliil, Tran*., 1859, page 137, atid BakcrUa I 
ture, Phil. Trrnm., 1858, p. 1. 
t Proc. Roy. Soc., vol. *. p. 393. 
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ratified IvnJ^ to tlie coiidusioti tlml tlic onlinnry discharge 
' Uitf vollaie battery is not continuous, liiit inturmJltcnt : that 
i eoDMEtft of a fieriee of pulsationg ol'gruutur ur less intensity 
xiing to the TOBistnnce in the chemical or metallic elements 
f tbe battery, or (he conducting media through which the dis- 
^•rge pusees* 

I On December 11th, IStli, Mr. Gaseiot announced -I- that the 

paber and ponitinii of the striiB is altered by altering' the re- 

inco in circuit. 

I PlatM XXXVI., XXXVII. represent wimo of the appearancea 

rved JD three diHurent tnliea, as the potash was heated or 

tolsd, and the resistiince in circuit varied. 

pMr. Gaasiot found that when the pressure in the tube is ex- 
mriy law, the discharge prefers to pass through even a greater 
Jigti) ofait* at ntmoBpheric pressure. 

kAt tlic «od of his paper Mr. Gossiot saya, "May not the 
C bands be the nodes of unduhitiims arising from similar 
8 proceeding from positive and negative discharges; or, 
I Ota luminous stratili cat ions which we obtain in the closed 
nit of the secondary coil of an induction apparatus, and in 
\ eircnit of the voltaic battery, be the representation of 
itlons whii'h pass along the wire of the former, and through 
■ bttteryof the latter, — impulsee probably generated by the 
■ion of the discharge along the wires? " 

EPKRIUEMS OF PE La Rl!K, MuLLER, AND SPOITISHOODE. 

1 April 8, 1S75, a paper was read J by Messrs. De La Rue, 
liter, and Spottiswoode, describing experiments with lUyU 
e of the chloride of silver battery (vol. i. page 216). 
(With it several condensers were used : one of them consisted 
'8&0 yards of wire, others of sheets of tinfoil. It was found 
t tabes which gave no stratifications with the battery, gave 
when a condenser was added, 
lit then occurred to the investigators that possibly stratiGea- , 
I accompanied variations in the battery current, and this 
B found to be the case. The means adopted to tisccrtuin this 
B follows ; — 

• Proc. Roy. Soc., vol, i. p. 100. 
t Ibid^ vol. xii. p. 329. 

* Ibid.. Tol.iiiii. p. 350. 
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Anotlier gmall vacuum tube, V„ was attaelied to the secondaty i 
wire. Now, we know tliat as loDg as a eteady current flows 
througli the primary, there would be no effect on the Eeeondary ; 
but thut at every fluctuation a cuiTent ' 
tlie latter. In the experiments it was found that whenever 
the discharge in V, the first vacuum tube was stratified, the 
second tube V, was Hglited up. Fig. 173 shows the arrange- 
ments. 

It will be understood that the secondary tube was merely used I 
as the moBt convenient method available, for detecting and eeti- . 
mating the currents of the secondary circuit. 

I do not know if the experiment has been tried of omittingf, 1 
the primary vacuum tube from the circuit; but if this wen \ 
done, I imagine that there would be no illumination of the , 
secondary tube. If this should prove to be the case, it would i 
show, not only that the st ratifications are jiroduced by varia- i 
tions of the primary current, but that these variations ore I 
themselves produced iu the primary tube, probably by soino J 
elastic yielding of the attenuated gas, analogous to the vertl*.l 
cal oscillations of a weight while being raised by an e]aetio 4 
oord. 
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SZ u the Inttory. 
T tbe primuy tu 
pp* the pcimaiy ooil. 



AA' Bit' tbe coDtlenRxr. 
8>' the lecnDdary ooil. 
V the ■econdary Taouum 



ExpERiHEiTTe or Spottiswoode. 
On June 10th, 1875, Mr. SpottiBWoode* gave an account of 
Bome experiments with the " high break," or, ae he now prefers 
to call it, the "rapid break," described in vol. ii. page 47, 6gs. 
167 and 168, This instrument enabled him, with iin induction 
coil, to obtflin effects equally steady and equally under control 
with those obtained by the batteries. 
In this paper Mr. Spottiswoode eays : — 
"With a contact-breaker of this kind in good action, several 
phenomena were noticeable ; but first and foremost was the fact 
that, in a large number of tubes (especially hydro-carijons), the 
strise, instead of being sharp and flaky in form, irregular in dis- 
tribution, and fluttering in position, were soft and rounded in 
outline, equidistaQt in their intervals, and steady in proportion 
to the regularity of the contact-breaker. There results are, I 
think, attributable more to the regularity than to the rapidity of 
the vibratioDB. And this view is supported by the fact that, 
although the contjiot-breaker may change its note (as occasionally 
* Proo. Boj. Soo., vol. xxiii. p. 465. 
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happen^), and in bo doing may cause a temporary disturbance in 
the stratification, yet the new note may produce as steady a eet 
ofstris;ns the first: and not only bo, but frequently there is 
heard, simultaneously with a pure note from the vihrator, a 
strident sound, indicating that contai'ts of two separate periods 
are being made ; and yet, when the strident sound is regular, the 
atrice are steady. On the other hand, to any sudden alteration 
in the action of the break (generally iiuplied by an alteration in 
the sound) there always corresponds an alteration in the strife. 

"It is difficult to describe the extreme delicacy in action of this 
kind of enn tact-breaker, or ' high break,' as it may be called. 
The turning through 2" or 3° of a screw, whose complete revo- 
ution raises or lowers the platinum pin through '025 of an inch, 
is sufficient to produce or to annihilate the entire phenomenon. 
A similar turn in a screw forming olc foot of the pedestal of the 
break is enough to adjust or regulate the stria; and a slight 
pressure of the finger on the centre of the mahogany stand, ap- 
parently rigid, or even on the table on which the contact-breaker 
stands, will often control their movements. 

"The discharges described above are usually (although not 
always) those pi-oduced by breaking contact; but it often happens, 
and that most frequently when the strident noise is heard, that 
the current produced by making contact is strong enough to 
cause a visible discharge. This happens with the ordinary as 
with the high break ; but in the latter case the double current 
presents the very remarkable peculiarity that llie stria of one 
current are so aiTanged as to fit esactly into the intervals of the 
other ; and, further, that any disturbance affecting the column of 
Btrite due to one current affects similarly, with reference to abso- 
lute space, that due to the other, so that the double column 
moves, if at all, as a solid or elastic mass. And this fact is the 
more remarkable if we consider, as is easily observed in a revolving 
mirror,* that these currents are alternate, not only in direction, 
but also in time, and that no one of them is produced until after 
the complete extinction of its predecessor. And it is also worthy 
of note that this association of striw is not destroyed even when 
the two currents are separated more or less towards opposite 
sides of the tube by the presence of a magnetic pole. There seems, 
however, to be n tendency in that case Air the stria: of one current 
• Vol, ii. pnge 75. 
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(o advance ufion tUe positions occupiwl by those of the reverse 
current, giving the whole column a twisted apjiearance. But as 
there is do trace, eo far as my uhservutions go, of this nsBociation 
of alternate discharges when produced by the ordinary break, we 
eeem led to the couelusioQ that a stmtilied diBcharge, on ceasing, 
leaves the gas eo distributed as to favour, during a very short 
interval of time, a similar stratification on the occurrence of 
another discharge, whether in the same or in the opposite direc- 
tion. An explanation of the fact that the stnEe of alternate dis- 
cbarges occupy alternate and not similar positions is not obvious, 
and probably demands n better knowledge of the nature of the 
etriEe than we possess at present. 

" The column of strias which usually occupy a targe part of the 
tube from the positive towards the negative terminal have hitherto 
lieen described as stationary, except us disturbed by irregularities 
of the break. The column is, however, frequently susi-eptible of 
a general motion or 'flow,' either from or towards the positive 
pole, say a forward or backward flow. A similar phenomenon 
ivas observed by Mr. Gassiot in some tubes with his large 
battery ; but I am not acquainted with the enact circumstances 
under which it was produced. This flow may be controlled, both 
ia velocity and in direction, by resistance introduced into the 
circuit, or by placing the tube in a magnetic field. 1'lie resist- 
BDce may be introduced in either the primary or the secondary 
circuit. For the former arrangement I have successfully em- 
ployed a set of resistance -coils supplemented by a rheostat. For 
% tiie secondary current, as well as for the Ho1tz machine, I have 
tosed an instrument devised and constniLtcd by my assistant, 
f ifr. P. Ward, to whose intelligence and skill I um much indebted 
tbrongbout this investigation, intended for fine atljustment 
Wherever the resistance be introduced, the following law appears 
to be established by a great number and variety of experiments, 
namely, that, thcstrisa being previously stationary, an increase ot 
resistance produces a forward flow, a decrease of resistance a 
backward flow. I have generally found that a variation of 8 or 
4 ohms, or, under favourable conditions, of 1 or 2 ohms, in the 
primary current is sufficient to produce this effect. But as an 
alteration in the current not only affects the discharge directly, 
but also reacts upon the break, the effect is liable to be masked 
by these indirect causes. The latter, so far as they are dependent 
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apon a sudden altcmtioD of the re^iiRtance, may be dimiDished 
by the use of the rheostat ; but n-hun the stria; are sufficiently sen- 
sitive to lulmit the use of this delicate adjustment^ some precautions 
are necessary to insure perfect uniformity of current, so as to 
avoid disturbances due to uneven contact in the rheostat itself. 

" When the strite are flowing, they pi-oserve their mutual dis- 
tances, and do not undergo increase or decrease in their numbers. 
Usually, one or two remain permanently attached to the positive 
electrode; and as the moving column advances or recedes, the 
foremost stria diminishes in brilliancy until, after travelling over 
u distance less than the intervals between the two striae, it is 
lost iu diirkness. The reverse takes place at the rear of the 
column. As the last stria leaves its position, a new one, at first; 
faint and shadowy, makes its ajipearance behind, at a distance 
equal tn the common interval of all the others : this new one in- 
creases in brilliancy until, when it has reached the position originally 
occupied by the last stria when the column was at rest, it 
becomes as bright as the others. The flow may vary very much 
in velocity ; it may be so slow that the appearances and disap- 
pearances of the terminal striffi may be watched in all their phases, 
or it may be so rapid that the separate striiB are no longer dis- 
tinguishable, and the tube appears as if illuminated with a 
continuous discharge. In most cases the true character of the 
discharge and the direction of the flow may be readily dis- 
tinguished by the aid of a revolving mirror. In some tubes, 
especially in those whose length is great compai'ed with their 
diameter, the whole eoUimn does not present the same phase of 
flow; one portion may be at rest while another is flowing, or 
even two contermiuous portions may flow in opposite directions. 
This is seen also in very wide tubes, in which the striie appear 
generally more mobile than in narrow ones. But in all cases 
these nodes or junction-points of the flow retain their positions 
under similar conditions of pressure and current; and it there- 
fore seems that, under similar conditions, the columu in a given 
tube always breaks up into similar flow segments. 

"These nodes will often disappear under the action of a 
magnetic pole. Thus if the first segment, measured from the 
positive terminal, be stationary, and the second be flowing back- 
wards (». e. from — to +), a magnetic pole of suitable strength, 
placed at the distant end of the latter, will stop its flow, and the 
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whole column will become stationary throughout. An increase 
in the stren|fth of the magnet, or » ncnrer apiiroath of it to the 
tube, will produce a general forward tlow of the column. 

The phenomena of tlie flow, as well as others of not lesi 
interest, are capable of boin;;; produced with the Holts 
inacbine. 

RkVOLVINO MlBROR. 

On May 18, 1876, Mr. Spottiswoo<le • guve an account of 
Bomc experiments on the atriie made with a revolving mirror. 
The break consisted of a plunger working in a mercury and 
platinum amalgam, and moved by a cam on the axis of the 
mirror, which insured contact heing broken when ihe spark was 
in the centre of the field of view. 

Tlie axis of rotation of the mirror was vertical, and the light 
of the tube, which was also vertical, passed through a vertical 
slit. 

Thus, if the mirror were at rest, a continuous discharge would 
appear in it as a vertical lino of light, whose breadth was equal 
to the breadth of the elit — a striated discharge would appear as 
a broken vertical line whose bright portions corresponded to the 
positions of the strim. 

Now let the mirror revolve : n continuous unbroken discharge 
vould present the appearance of a sheet of light; a continuous 
itriated discharge, that of a series of horizontal bare, whoso 
thicknesses were respectively etjual to the length of the strim. 

I An intermittent unbroken discharge would show a series of 
Bnbroken vertical lines; and an intermittent striated discharge, a 
nries of broken vertical lines forming horizontal bands, whose 
Blieknesses equalled the length of the striai. The ratio of the 
nicknesses of the vertical lines to those of the vertical spaces is 
C( course the ratio of the duration of the discharges to the 
ntcrvals between successive discbarges. 
When the distance of the tube from the mirror, and the 
nlocity of rotation is known, the absolute duration of each 
itschaige can be calculated. 

Let us now fix our attention on a point of light, and suppose 
it to move vertically downward. 
We should see a diagonal line, whose slope depends on 
• Proo. Roy. Soe., vol. xiT. p. 73. 
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the ratio of the velocity of the point to the velocity of the 
mirror* 

If the luminosity of the point were continuous, this diagonal 
line would be continuous ; if intermittent, it would be broken, 

Thus we see that with the mirror we can measure the dura- 
tion of the discharges ; the interval between each ; and the 
velocity of motion of the striie — also, if, as often happens, several 
dlGcontinuous discharges unite to form one apparently con- 
LinuouB, the mirror will resolve it into its constituent elements. 




Fig. 17*1 represents the appearance in the r 
ncid tube. The commencement of the discba 
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iiid (that IB, the mirror was turning in tbe direction opposite to 
.t of the hands of a watch), and the negative terminal is at 
Hie top. The positive terminal is a good deal below the picture, 
D the drawing representB the upper part of the tube during one 

mplet* coil discharge. It will be seen that the discharge 
ces with a perfectly regular set of strife having a steady 
downward motion. After a short interval of daikneBP, a second 
set are produced, less regular, but somewhat longer lived than 
Ibe first. 

I It will be seen that in the upper part of the tube all luminosity 
)on ceases, but nearer the middle the discharges are repeated 
again and again. 

At the commencement of tbe region of longer duration we see 
that each stria moves downward for a short space, when it is 
extingaisbed, and its place is taken by another, starting from 
nearly the same point as the first. I>ower down slill, the motion 
of each etria continues longer, and it is no longer formed and 
destroyed iit the B-ime (ised point in the tube. When this tube 
is viewed by the eye, it shows " flake-like fluttering strife with a 
slight tendency to flocculence near the head of the column." 

Each of ihese striie is, we sec, composed of tbe elements shown 
in the approximately horizontal bands, encb of which is a group 
of elementary stria;. The curvature of these bands shows tbe 
proper motion of the compound striee : when It is downwards, 
tliey are moving from negative to positive; when upwards, in 
the reverse direction. 

Fig, ]75, which rfprescnta another similar tube, shows the 
proper motion of the compound atriEB more clearly. 

Here it is first downward aud then upward, but we see from 
the slope of the lines representing the elementary striie, that all 
the proper motion is really from — to + , and that tbe apparent 
reverse motion of the compound striffi is due to each new elemen- 
tary stria being formed a little further up than its predecessor. 

Fig, 176 represents the discharge of a hydrogen tube of conical 
form, the diameter of which varied from capillary size to half- 
inch; the capillary end being at the bottom. Tlie positive ter- 
minal is at the top ; that is, the current is in the opposite direc- 
tion to that in figs. 17i and 175. The principal interest of this 
bibe consists in showing the influence of diameter on tbe velocity 
ff proper motion. The wider the tube, the freer, it seems, are tbe 
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TLe following are the conclusions to which Mr. SpottUwoode 



I'tbinkfi " the foregoing esperi 



a to lead ;" • — 



"(1.) The thin flake. 



striiB, when shurp and distinct in their 
appearance, either are short-lived or bare very slow proper motion, 
or both. 

" (2.) The apparent irregularity in the diatrihution of such stris, 
during even a single discharge of the coil, is due, not to any 
actual irreguluritj- in their arrangement, hut to their unequal 
dnratioD, and to the various periods at which they are renewed. 
These strife are, in fact, arranged at regular iatervals throughout 
the entire column. The fluttering appearance usually noticeable 
is occasioned by slight variations in position of the elementary 
Btrias at successive discharges of the coil. 

'■ (3.) The proper motion of the elementary striie is that which 
appertains to them during a single discharge of the coil. This 
appears to be generally directed from the positive towards the 
ne^tive terminal. Its velocity varies generally within very 
Qarrow limits. It is greater tlie greater the number of coils 
employed, or the greater the elect to -motive force of the current. 
In some tubes it may be seen to diminish towards the close of 
the discharge ; and even in rare instances alternately to increase 
and to diminish during a single discharge. 

" (4.) Flocculent striffi, such as are usually seen in carbonic-acid 
tubes, are a compound phenomenon. Tliey are due to a succession 
of short-lived elementary striee, which are regularly renewed. 
The positions at which they are renewed determine the apparent 
proper motion of the elementary striaj. If they are constantly 
renewed at the same positions in the tube, the flocculent striie 
will appear to have no proper motion and to remain steady. If 
they are renewed at positions nearer and nearer to the positive 
terminal, the proper motion will be the same as that of the ele- 
mentary strioB ; if they are renewed at positions further and 
further from the positive terminal, the proper motion will he 
reversed. 

" (5.) The velocity of proper motion varies, other circumstances 
being the same, with the diameter of thetulw. This was notably 
exemplified in the conical tube. In tulies eonstrncted for spectrum 
analysis, the capillary part shows very slight, while the more 
open parts often show considerable, proper motion. 
• Proo. Boy. Soc., vol. xxv. p. SI. 
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" (6.) Speaking gcDenilly, the discharge last* longer in narrow 
than in wide tubes. In epectrum tubes the capillary part gives 
in the mirror an image extentling far beyond that due to the 
wider parts. 

" (7.) The coil discharge appeara, in the earlier part of its 
development at least, to be subject to <;reat fluctuations iu extent- 
III all cases there is a. strong outburst at first. Tins, although 
eometinicB appearing as a bright line, is always, I believe, really 
stratified. Immediately alter this there follows a. very rapid 
shortening of the column. The extent of this shortening varies 
with circumstances ; but when, as is often the ease, it reaches far 
down towards the positive terminal, a corresponding diminution 
of intensity is perceptible in the negative glow. The column of 
strife, after rising again, is olten subject to similar fluctuations. 
These, which are sometimes four or five in number, are successively 
of less and Icee extent, and reach only a short distance down the 
column of striae. The nfts due to these fluctuations then dis- 
appear, and the striie either continue without interruption, or 
follow, broken at irregular intervals, until the close of the dis- 
charge. 

" (b.) The effect of the proper motion, taken by itself, is to 
shorten the column of Btiiaj. But, as wo have seen, the strife are 
in many cases renewed from time to time. In regard to this 
point, the head of the column preseutj the most instructive 
features. After the cessation of these rifts, the general appear- 
ance of the field is that of a series of diagonal lines commencing 
nt successive points which form the bounding limit of the column 
at successive instants of time. If the points are 8itu3t«d in a 
horizontal line, the stria; are renewed at regular intervals at the 
same place; and the length of the column is maintained by a 
periodic renewal of strioi, a new one appearing at the head of the 
column as soon as itg predeeesBor has passed over one dark interval. 
If the boundary of the illuminated field rises, the length of the 
column increases j if it descends, the column shortens. In every 
case, however, the growth of the column takes place by reguhir 
and successive steps, and not irregularly. The intervals of the 
new strife from one another and from the old ones are the same 
as those of the old ones from one another. 

" (9.) The principal influence of a change in the electro- motive 
force appears to consist in altering the velocity of proper motion. 
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A oliange in the amount of battery-surface eiposed produces a 
onrresponding' change in the dtirutioD of the entire disehar<>i', us 
well as apparently in the di;velopraent of some of the mioor 
details of the strie. 

" (lO.) When the proper motion of the elementary striie exceeds 
a certain amount, the striie appear to the eye to he blended into 
one solid column of light, and all trace of stratification is lost. 
When this is the case, the mirror will often disentangle the 
individual striie. But there are, as might well be expected, coses 
in which even the mirror ia of no avail, but in which we may 
rtill suppose that stratiticalion exists. A variety of experiments 
have led me to think that the separation of the discharge into 
two parts, viz., the column of light extending from the positive 
t^Tminal, and the glow around the negative, with a dark space 
iotervening, may he a test of stratilied discharge; hut I cannot 

rm anything certainty on this point." 

ExPEniUENTS OF De La Rue and MSllek. 



FOn Aug. 23rJ, 1877, Messrs. Warren De La Rue and Hugo 
W. Miiller communicated a paper to the Hoyal Society " On the 
Electric Discharge of the Chloride of Silver BattATy," part I.* 
Part II.+ was communicated Apiil 10, 1S78. In the first part 
of this paper they give an account of the construction of the 
great chloride of silver battery,! >vhich now (1879) consists of 
8040 cells. The first experiments with it were devoted to seeing 
whether the discharge, in highly-exhausted tubes, isofthe nature 
of a true current, or whether it was disruptive like that through 
air at ordinary pressures. For this purpose they arranged that 
the discharge ofStOO cells should pass through a circuit con- 
fisting <if a vacuum tube, and a large resistance. The resistance 
was tlien varied, so that the strength of the current varied in 
tbe proportion of from 1 to 135, hutit was found that the diSerence 
of potential at the ends of the tube remained almost absi>lutely 
constant. Now, by Ohm's law, tbe potential along a con- 

C regularly along the resistance, and, therefore, if 
tube had been an ordinary conductor, there would 
I uniform fall of potential along the whole circuit, 



• Pl.il. Trura., part i. vol. clxii. p. 55. 
t IliiJ., part i. vol. cliix. p. 1&5. 
J 8m vol. i. p. 21S. 
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coneiating of tube A B and resistance B C (fi». 177) ; and the line 
L M C would have been strai^lit from L to C ; as it was, how- 
cver,it was found that however much the §lope of the part M C 




varied, that of L M repreeenting the fall of potential alung the 
tube remained constant. 

This shows that the discharge is not a ease of true conduction, 
but that even at the lowest preeeure it ia ditrupfive. 

Method of ExHiUSxiON. | 

We next come to the method of exhansting the tubes, so as to 
reproduce different phases of the phenomena at will. When 
tubes were exhausted and sealed once for all, it was fuund that, 
after a few discbarges had passed, their character changed, and it 
was impossible to restore them to their original state. The tubes 
were therefore arranged bo that the discliarges could lie passeil 
while the exhaustion was in progress. When any particnlar 
phenomenon was observed, the pressure was noted, and on again 
adjusting to that pressure, the phenomenon could he reproduced. 

Plate XXXVIII. is a picture of Mr. De La Rue's air-pumps, S:c, 
Tbe arrangement comprises three means of exhaustion, which 
are successively employed as the vacuum becomes more perfect. 

Tbe first is an Alvergniat high-pressure water trompe in con- 
nection with the high-pressure water-main of the West Middlesex 
Water Company, the head of water being 100 feet ; it produces a 
vacuum to within half an inch (Ol? in. = 12 millima.) of the 
height of the barometer. 

The pipe leading to it is so marked in the drawing; it is 
attached, through a coik to a four-way junction piece F, 
provided with three mire cocks, communicating one to one em] 




Stria: — De La Rue and MillUr. 



83 



"itlie tulie T, one to the last drying: bottle of the gas generator 

w*i,a[idonBtoa mercurial gauge. Theothercnd of the vncuiim 

tobu T conomunicales by means of a Y piece to both nil Alvergrint 

mercurial pump ou the right of the figure, and a Sprengel pump 

<in the left. Aft*r the trompe has done its work, the Alvorgniat 

is used for rapid exhaustion, and then shut off by means of tijc 

glass cock C, leaving the exhaustion to be com|ileted by the 

Sprengel ; the authors have obtained by the/;*™//* aloKt in tubes 

Sfi inches long, and 3 inches in diamt^ter, va<riiu of only 0002 

mi'Ilim. pressure, equal to 26 millionths of an atmosphere — a 

vacuum so perfect, that the current of S040 cells would not pass. 

The apparatus is in connection with a M'Leod gauge," by means of 

wbieh pressures to O'OOOOS millim. can be determined. Besides 

this gauge, the Sprengel and Alvergniat pumps have their own 

({gauges, which read'Io a millimetre. 
\ Arkanokuknt of the Apparatus. 

Plat« XXXIX. shows the general arrangement of the apparatus. 
AC is a rapid commutator for sending currents alternately in 
the two directions. K is a reversing key specially constructed 
to give good insulation with the immense electro -motive forces 
employed. When the handle is vertical, as shown, no current 
passes. Moving the handle to right or left sends tiie current in 
the two directions respectively through the tube. BB is a 
wheel-break for producing rapid intermittence, % and Ag. are 
the zinc and silver terminals of the battery respectively, 

M (Plates XXXVIII., XXXlX.)i8 arotatingmirror.eonsisting 
of a four-sided prism, mounted on a horizontal axis, and provided 
with ft multiplying wheel ; on each fnee of the prism is fastened n 
piece of looting- glass. The redectiou of the tube in the mirror 
enables one to examine whether an apparently nebulous discharge 
consists really of striffi, also whether and in what direction there 
is a flow of strise which may appear quite steady to the eye. 

The observations are fueilitated by covering the tube with a 
half-cylinder of cardboard, having a slit in the direction of its axis 
about jL^ inch wide. E (Plate XXXVIII.) is a radiometer attached 
to the Sprengel; d d a drying tube containing sticks of potash, used 
when gas is introduced from a reservoir through the Alvergniat. 

* {V\n\. Mag., Aug. 1874) Wben the mercary cistern ii raised, a portion 
t gM ftt the ume pi^Bsure an that in the tube i« aLat off at 6, and coin* 
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order to save writing decimalB, tlie pressures are usually ex- 
2 V pressed in millionths of an atmosphere written ^. 



In the present espeiimeiits the pressures varied 
from aUut 2U,U00 M to 3 M ; with less than 
about 8 M the current of 11,000 cells would not 
pass in tube Wi. 

The exhaustion of an ordinary vacuum tube, 
arran^d to give the best hiniinous eflects, is from 
2 to 4 millims., say 

fram 2,000 M to S.OOO M- 

The battery power used varied from S,000 to 
11,000 cells. 

Tubes whose length varied from 6 or 7 inches 
to 3 feet were used, and by means of the pumps 
they could be filled with difierent gases as de- 
scribed. 

The most mnrvelloue and beautiful Etrise were 
observed in all manner of strange shapes. 

It would 1)e impossible in the space at our 
disposal to give detailed accounts of the innumerable 
separate phenomena deseribed in the paper. The 
student is recommended to study them in the 
" Philosnpliical Transactions." We have, how- 
ever, reproduced some of the pictures of the more 
striking Ibrms. Tutje Ufl (fig. 178) was a2 inclies 
long, and 16 inch in diameter. lis terminals 
were a ring and a wire of aluminium. It was 
charged with hydrogen. 

Plates XL., XLI., XLII. are sketches of some of 
the phenomena observed wilh this tube in different 
stages of exhaustion, and with different battery 
powers. 

presied in Wie BmalJ graduated chamber, a, at the top nf the 
bnlb to difliTent desires in one ^uge, from ,,'(] to n-'.i, 
■ccording bb the g»B is lesa or mure rkretied ; \S\* mercury 
at the Slime time riKPB in the presnore column ji, and its 
height affords the iiipbiis of determining the prpaaure of the 
gna ia the tube. Tables hare been prepavrd to give the 
value of the reading by inspection. 
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Theee c 



•shaped figi 



ealln 



of light of \ 



I 
» 



^^B toe n 



curiQus-E 
colours ; " luminous entities " the authors of the paper call them. 
Sometimes thuy are in motion, sometimes at rest. 

Plates XLIII., XLIV., XLV. are engraviiij^s from photo- 
graphs of the discharges, taken actually from the tubes, 

Mr. De La Rue gives histories of all his tubes, and descrihes 
b11 the phases as they occur. He and Mr. MuUer thus sum up 
the results of all their experiments: — 

" 1. The discharge in a vacuum tube does not ditll'r essentially 
from that in air and other gases at ordinary atmospheric pres- 
sures; it cannot be considered as a current in the ordinary 
acceptation of the term, hut must he of the nature of a disruptive 
discharge, the molecules of the gus acting as carriers of electri- 
fication. The gases in ail probability receive imjmlscs in two 
directions at right angles to each other, that from the negative 
being the more continuous of the two.' Metal is frequently 
carried from the terminals, and is deposited on the inside of the 
tube, so as to leave a permanent record of the spaces between the 
strata. 

" 2. Aa the exhaastion proceeds, the potential necessary to 
cause a current to pass, diminishes up to a certain point, whence 
it again increases, and the strata thicken and diminish in number, 
until a point is reached at which, notwithstanding the higli 
dectro-motive force available, no discharge through the residual 
can be detected, f Thus when one polo of a battery of S04U 

Is was led to one of the terminals of tube 143, which 
radiometer attached to it, the other terminal of the tube, 

lant only U'l inch, being connected through a sensitive 
lomeon galvanometer to the other pole of the battery (earth), 
the current observed was not greater than that which was found 
lo be due to conduction over and through the glass. Although 
no current passed, the leading wires, acting inductively, stopped 
tbe motion of the radiometer, as has been observed by Mr. Justice 



3. All strata have their origin at the positive pole. Thus in 
• De La Hue and Muller, ri.il. Trans.. 1878, vnl. cliii. pp. 90 and 118. 
t From obterratiaDB with pressure rarj'tnK from 6'4 tu 145'I mlllims. 
Wiedemann and BuhemanD conclnda tbat tbe Bccumulution reqiiiiiito to 
e disoharge incre&iies ivilb the pressure at first quivklj, tlien more 
; towards the npper limit of their eiperiments it beoomea nearly pro- 



rtionil hi tbe pre* in 



See sIm vol. ii. pp. 66 to 64 above. 
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a given tube with a certain gas, there is produced at a certain 
presHure, ia the first instance, only one luminosity, which forms 
on the poBitive terrainul, then as tlie exhaustion is gradually 
carried further it detaches itself, moving towards the negative, 
and being followed by other luminosities, which gi^^iially increase 
in number up to a certain point. 

" I. With the sam" potential the phenomena vary irregularly 
with the amount of current. Sometimes, as the current is 
increased, the number of strata in certain tulies increases, and as 
it is diminished, their number decreases; but with other tubes, 
the number of strata frequently increases with diminution of 
current. If the source of the current is a charged condenser, the 
flow being from one of its plates, through resistanoes uiid the 
tube, to the other, then, as the potential of the condenser falls, 
and the current diminishes, the number of strata alters; if the 
strata diminish in number with the fall of potential, then the 
stratum nearest the positive wire disappears on it, the next then 
follows and disappeaiti, and soon with the othei's ; if, on the 
other hand, the charge of the condenser is very gradually 
increased, the strata pour in, one after the other, in the most 
steady and beautiful manner from the positive. 

" 6, A change of current frequently produces an entire change 
in the colour of the strata. 

" For example, in a hydrogen tube from a cobalt blue to a pink. 

"It also changes the spectrum of the strata; moreover, tlie 
spectra of the illumiDat«d terminals and the strata differ. 

"6. If the discharge is irregular and the strata indistinct, an 
alteration of the amount of current makes the strata distinct and 
steady. Most frequently a point of steadiness is pit)duced by 
the careful introduction of external resistance; subsequently the 
introduction of more resistance produces a new phase of unsteadi- 
ness, and still more resistance another phase of steady and dis- 
tinct stratification, 

" 7. The greatest heat is in the vicinity of the strata. This can 
be best observed when the tube contains either only one stratum, 
or a small number separated b a b oad nterval. There is 
reason to believe that even in the da k d ha ge there may be 
strata; for wc have found a de^el p n nt at 1 at in the middle 
of a tube in which there was n II n nat on except on the 
terminals. 




Stria — De La Rue and MiiUer. 8 7 

'' 8. Even when strata are to all appearance perfectly stc^ady^ a 
pulsation can be detected in the current ; but it is not proved 
that the strata depend upon intermittence. 

" 9. There is no current from a battery through a tube divided 
by a glass division into two chambers, and the tube can only be 
illuminated by alternating charges. 

'' 10. In the same tube, and with the same gas, a verj' g^at 
variety of phenomena can be produced by varying the pressure 
and the current. The luminosities and strata, in their various 
forms, can be reproduced in the same tube, or in others having 
similar dimensions. 

'^ 11. At the same pressure and with the same current, the 
diameter of the tube affects the character and closeness of strati- 
fication. 

'' We defer for the present the suggestion of any theory to 
account for stratification, in the hope of being able to confirm ex- 
perimentally certain views which wc entertain as to the cause of 
this phenomenon. 
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CHAPTER XXXVI. 

OS THE SENSITIVE STATE OF DISCHAItOES THROUGH ItAItEFlCD 



On April 2, 1879. Mr. William Spottiswomie aud Mr. J. F. 
Moultott communicated to the Royal Society a paper " On 
the Sensitive State of Electrical Discharge through Rarefied 
Gasee."* ■ 

Dei'inition and Desckiption. ' 

It has frequently been remarked that the Iiitninous column 
produced by electric discharges in vacuum tubes occasionally 
displays great senBitivenePB on the approach of a finfjer or other 
conductor to the tube. The exact effect of such approach varies 
considerably with the circumstances of the discharge. In many 
instanccG the luminous column is ropclli^d ; in others, atid espe- 
oially when the finger is brought into actual contact, the column 
is Eevered ; and In the latter case, in addition to the luminosity 
previously present, there often appears proceeding from the in- 
terior of the tube, at the point where the finger rests, the blue 
haze which usually characterizes the negative end of a discharge. 
In some cases the discharge is so powerfully affected that the 
well-known green or blue fluorescence appears on the side of the 
tube opposite to the point touched. 

The degree of sensitiveness varies between wide limits. Dis- 
charges frequently occur in which close observalioii is necessary 
to detect any trace of it, while others may he produced so sensi- 
tive that the magnetic action of a powerful electro-magnet is 
comparable to the action which is due to it as a conductor, Tlie 
condition in question dues not appear to be confined to any par- 
ticular gaseous medium or to any special form of tube ; and it it 
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in fact probable tbut in almost any tube scnsiliveness may be 
produced by adopting suitable precautions. This fetate of scnsi- 
liveuess may be exhibited by stratified discharges, but it is more 
ommonly associated with those which show no clear traces of 
Ktratifieation. It is not, however, univei'sally present in either 
iiind of discharge. 

The present paper is devoted to an examination of the causes 
which produce this state, and the laws which regulate it. 

Die to Jntermittejick. 

The first result which the authors arrived at was that 

The Seiititive ifa/e it due io a Periodic IntermUfeHee ofconiider- 

ahie Tapid'tfi/ and regnlaril^, the qnaniily of EUetrieil^ in each 

individual Diacharje being tiifficienlli/ imaU (o permit the Uiecharge 

to be inalanlaneova. 

The simplest way to produce iutermittence is to illuminate the 
tube by means of a Holtz machine or other constant source of 
electricity, and to interpose a small air-spark in one of the 
leading from the machine to the tube (fig. 179). 




As soon B8 the air-spark is made to intervene, the discharge in 
the tube becomes sensitive ; and this sensitiveness may in general 
be increased by increasing the length of the air-spark, until the 
discharge becomes visibly intermittent, so as no longer to appear 
to the eye as a steady continuous discbarge. Although this is 
by no means the only way in which the sensitive discharge can 
be produced, it is the one which is the most generally convenient 
for the purposes of experiment j and it may on that account be 
regarded as the typical mode of production. 
Indications of the sensitive state can also be produced by 
I the nse of an induction coil m connection with a. large con- 



^^H the use of a 
^^H denser. 
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If tbe dischar^ be allowed to pass through the tube while the 
coil is at work, a certain amount of sensitiveness will usually be 
visible. But if the coil be stopped and the current allowed to 
How from tho condenser through the tube without disturbi 
from the entrance of the toil discharges, the discharge will 
general be found to have lost all its sensitiveness. 

Again, certain tubes appear to render the discharge from 
continuous source sensitive without tlie necessity of artificiallj 
producing intermittenee in the current. 

Again, a sensitive discharge may be produced by connecting 
one terminal of the machine with one terminal of the exhausted 
tube, and the other terminal of the machine with the outside of 
the tube (fig. 180). If the current be then permitted to pass 



1 to 

I 




between the terminals of the machine by leaping a considerable 
distance (suy half an inch) in air, so that the discharges iu the 
tube are caused partly by conduction from one terminal of the 
machine and partly by inductiou due to the rapid alternations ot 
high and low tension in the wire from the other terminal of the 
machine to the outside of the tube, the resulting discbarge will 
be found to be sensitive. 

Again, rapid intermittenee and sensitiveness in what would 
otherwise be a continuous discharge may be produced by the use 
of a "wheel-break" {vol. ii. page 47). If the wheel-break be inter- 
posed in the circuit of a Holtz machine when producing a lumi- 
nous discbarge in a vacuum tube, and the break be worked at a 
considerable speed, so as to cause the current to be interrupted 
some 400 to 2000 times per second, the discharge becomes highly 
Bensitive, The wheel-break is used us a shunt, viz., so as to 
divert from tbe tube the current given by the machine during 
the time which the platinum spring rests upon the metallic por- 
tion of the wheel, In this way the current is never actually 
broken, and one great advantage of this arrangement is that it 
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simply produces iiitermittence m tlie discliargL' in the tube 
without interfering with it ia any other way. 

Another method of produeing tlie sensitive statu ie by the use 
nf a "Rapid Break."* If surh an inetrument be used with an 




ioduction t?oiI, the discharge, though often beautifully stratified, 
IS intensely sensitive. The lowest limit of rapidity with whieh 
llie authors have produced alralijied sensitive discharges in this 
way is 240 breaks per second. 



No Sensitiveness withoi;t Intekmittench. 

The authors examined a great many sensitive discharges by 
neans of a telephone and a revolving nairror, and they found that 
in every case intermittence was necessory to FensitiveQess. 

The revolving mirror was used in the manner described in vol, li. 
page 75. If the body of the tube containing the discharge be 
liidden by an opaque screen which contains a narrow longitudinal 
EJit, and the image of this slit be observed in a rapidly revolving 
plane mirror, a series of bright and black bands appear whenever 
the discharge is sensitive, showing that there are intervals be- 
Iwecn the Inminons discharges during which the tube is dark. 
If the oidiuary non-sensitive discharge be observed in a similar 
way, there are no such dark bands, and no available speed of the 
• Vol. ii. jHige 47. 
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mirror suffices to show any break in the uniformity of the lumi- 
nous image of the slit. The occurrence of these dark bands 
shows conclusively that the dischurge in which they appear 
intermittent and discontinuous. 

When the telephone is inserted in circuit with a non-seneitii 
Lube, there is somttimes a rushing sound, but in a very lar^ 
number of cases there is absolute silence. But as soon as llie 
discharge becomes sensitive, the silence is broken by a shrill 
sound ; or if the rushing sound of which we have spnken pre- 
viously existed, there is a sudden change in the character of the 
sound, which usually becomes musical. The pitch of the note is 
always high, and naturally varies with the circumstances of the 
discharge, and it is therefore probable that, in cashes where it is 
not beard, its pitch is too high, and the note itself is possibly too 
feeble, for audibility. When the air-spark is again abolished, 
the note ceases, or gives way to the rushing sound toentioned 
above. 

It is observed that all the methods of producing the sensitive 
state agree not ouly in theinlennittent character of the discharge, 
but also in the shortness of duration of the individual discharges 
themselves, and this has induced Ihe authors to regard drevity of 
duration as much an esseutiul feature of the individual discharges 
that produce the sensitive state as rapidity or regularity of in- 
terval between these discharges. 

The latter characteristics are of more importance for main^ 
taining the persistence of the sensitive state during a fiDltfr 
interval of time than for actually producing it, since careful 
experiments fail to show any inferior limit of rapidity of the 
periodicity necessary to produce such a discharge. In truth, 
there is no impossibility in producing by a single flash a dis- 
charge having the characteristics of senaibility. If a charged 
Leyden jar* be employed with a suitable tube, the instantaneous 
discharge that passes through the tube on the jar being con- 
nected with it will show all the symptoms of sensitiveness during 
ite passage through the tube. 
The authors next state that 

The effect produceil bg the approach of a eonduetor to a letui' 

the dUcharge it directly due to the relief given hi/ ife pretence 

to Ihe inslantatteotis eleelric teiuio/i trithia and around the tube 

• Proo. Hny. Soc- xivi., 1877. p. 90. 



H 



Tht Sensitive State — Spottiswoode and Moulton. 93 

canted by tie indiriilttal ilUciargf* in finlr paiaaffe ikfougk the 
inbe. 

In the case of the sensitive or inU'rrupted discliargv, we have 
seen that there ore separate pulses of electricity passing between 
the terminals. 

It is not improbable thut each of these pulses Iuave« the posi- 
tive terminal in the form of free electricity. 

If i; does so, it will exercise induction in every direction, and 
cause a "state of strain" on the glass and in the space beyond. 

As the glass is n non-conductor, this stnte of strain continues ; 
bat the instant a conductor is brou^^lit near, the state of strain is 
relieved, and n complete rediBtribnlion of the electricity outside 
the tube tukes place. The state of the electric field in the neigh- 
bourhood of the conductor will then be different to tlwt at any 
other part of the tube; and this will in its turn react upon the 
discbarge or Upon the gaseous matter which exists within the 
tube. 

In order to show that the phenomena of sensitiveness are 
primarily due to the redistribution of the induced electricity and 
relief of the external strain, it is only necessary to observe that a 
non-conductor, however highly charged, does not affect the sen- 
fiitive discharge. Nor will a conductor of small size, in contact 
with the tube (snch as a piece of tinfoil), affect the discharge so 
long as it is insulated. But if the tinfoil be connected to earth, 
or to a distant conducting body, an effect on the sensitive dis- 
charge is at once seen. 

A oonsidoration of these experimental facts leads the uuthors 
to the following conclusions : — 

(1) Tliat the effi-ct is due to a redistribution of electricity in 
the conductor ; and 

(2) That such effect is periodic. 

If a continuous electric state in the external body were the 
necessary condition, the observed effect could be produced by 
charged non-conductors. But as this is not the case, we must 
look to the facility of change in electric state aifordcd by con- 
ductors for an explanation of their effect on the sensitive dis- 
charge. This conclusion is supported by the fact previously 
stated, that a small piece of tinfoil placed upon the tube produces 
no effect so long aa it is insulated. Such a piece of tinfoil would 
give but little scope for redistribution of electricity — at all events, 
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in Buch a way as to affect the space around it. But if it be oon- 
nected mctullically with a distant conducting body, so that 
positive or negative electricity can be driven from it to a scncibli' 
distance from the tube, the case is diHerent; and, if this Ledone, 
it is at once found to affect the sensitive discharge. 

If then the effect on the sensitive discharge is caused by the 
facility for a redistribution of electricity within the conductor, it 
Ibllows that there must be a varying electric action upon it from 
the dischai^ in the tube. And that such is the case may be 
shown by connecting a ring, or segment of a ring, of tinfoil, 
placed on or near the glass (fig. ItiS}, with the earth,. 



I 





Fi(t, 18B. 

and interposing a telephone in the circuit between the tinfoS 
and the earth. As soon as the current becomes inter- 
rupted by an air-spark, a sound is heai-d in the telephone 
corresponding with the sound of the air-spark causing the inter- 
mittence. This shows conclusively that at each pnlsation there I 
IS an electrical redistribution within the Eystem composed of the ] 
earth, the wire, and the tinfoil. And as tliis continues iadeS- [ 
nitely, without producing any charge upon the tinfoil, it is clear j 
that there must, dui-ing the complete period of each pulsation, be' J 
a flow of one kind of electricity from the tinfoil, followed by J 
its return, or by a similar flow of the opposite kind of electricity j 
from the tinfoil. 

The authors go on to describe experiments to show that — 
(1) The effects are due to electro- static, and not to electro- 
magnetic, induction. 
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(2) That the " relief effect" is independent of the potential of 
the conductor causing the relief. 

Tliat is, that if the relief he caused by a ring of tinfoil attached 
to the tube, and connected by a wire to the inside of a rather 
Ibt^ Leyden j;ir, it makes no difference whether the inside is 
connected to earth, or insulated and charged to any potential, 
positive or negative. And, further, the relijf effect is equally 
well obtained when the tinfoil is connected to a large conductor 
of varying potential ; as, for instance, the wire of an induction 
coil, as long as its period of variation is not the same as that 
producing the intermittence of the discharge. 

The aathom next show experimentally that 

The relief effect {loien the intermittence it effected near the pout- 
tife terminal) agmme* the form either of repuUlon or of diicharge 
from the interior tuifaee of tie glatg. Thete two effects are iden- 
tical in Halure, and the form actually auiimed depend* iu the eame 
t»be totelg on the intentitjf tf the action which catleitfortA. 

They also lind that thi^y can pass continuously from the repul- 
sion to the discharge form of the relief effect in any one of three 
vays ; — 

(1) By keeping the relieving system fixed at the same spot on 
the tal>e, and varying the completeness of relief,* the discharge 
rvmaining the same. 

(2) By keeping the relieving system constant, and varying its 
position on the tube, the discharge remaining the same. 

(3) By keeping the relieving system constant aud fised in 
position, and vnrjing the inteiTuptedness of the discharge. 

It is found, however, that only certain tnbes give the discharge 
effect, but that they all give the repulsion effect. 

On THE Special oa Non-relief Ekfects pboduced on the 
Seksitive LuMiNOua Djschahob by Connbctixo it with thb 
AiB-sFARK Terminal. 

Let us first suppose the intermittence to be caused by an inter- 
ruption in the circuit between the source of electricity and the 
positive terminal of the tube. For convenience we shuU express 
this fact by calling the positive terminal the air-spark terminal. 
If we attach a wire to a piece of tinfol placed upon the 
" A«, for instance, by milking tiie contact between the tinfci! and tlie earth 
wire nn imperfret on*. 
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tube, and connect the wire with nny indepeDdent conducting 
Eystcm, we shall obtain, ae we have seen, more or less complete 
forms of tlie relief effect. Both the wire and tinfoil will, in 
the majority of case?, repel the liiminouji column. But if the 
wire be connected with the posUiee ierminal, a sudden change 
tokcB place in the phenomenon. Instead of the luminoue column 
being repellinl by the wire, the course of the latter along the tube 
(supposing it partly to rest upon the tube) will be marked by a 
bright line of luminosity on the inner surface of the glass as though 
it had attracted the luminous column instead of repelling it. 
And the effect of the tinfoil is changed in a no less remarkable 
manner. Instead of the former repulsion, a tonfjne of bimiuosity 
will be seen apparently starting from the actual inner surface of 
the glass under the tinfoil, and stretching toward the negative 
terminal of the tube, while the luminous column on the positive 
Bide of the tinfoil is usually depressed or repelled, and is often 
nearly severed in two. If the tinfoil be in the form of a ring 
round the tube, the appearance of the phenomena is very striking. 
In many cases the luminous column extending from the positive 
terminal is brought to an abrupt termination, and ends in a 
sharply -defined head, somewhat rounded at the extremity. 
Around this there is a well-marked hollow cone of luminosity, 
springing from the side of the tube immediately beneath the 
tinfoil, bright and sharply defined on the outs'ide, but hazy and 
blue on the inside, which is turned to, and in fact surrounds, the 
termination of the positive column above described. This hollow 
cone does not come to an apex on its external surface, but passes 
into a luminous column which stretches away towards the nega- 
tive terminal of the tube, and supplies the place of the former 
luminous column, which it resembles in all respects (Hg. 183). 
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Wien the air-spark is coDsidera'>ly increast-ii, the trim en ted lumi- 
autiB column is verj- much altered. 

It will be observed that these effefts are toliilly dissimilar lo 
the relief elTecta. 

ExPLiNATIOS OK THB DlFKEEENCE. 

The dilTerence is nccoonted for aa follows : — 
Kaeh time that the discharge passes, there is a pulse of free 
positive eleetricity sent ttiroug:h the tube. 

In the case of the relief e£ft.'ct, this in accompanied each time 
bj- a pulse of positive electricity driven yVow the titifuil. 

In the case of the non-relief elfect, it is accompanied by a 
pulse of positive electricity driven to the tinfoil, and so the 
electric strain, instead of being relieved, ia increased by the 
action of the tinfoil. 

ExtHINATIUN OP THB NoN-RELIEF Kl-FECT. 

The form of the non-relief eSect obtained by making the posi- 
tive the air-spark terminal may be taken as typical of all other 
forms of it. 

If we place round the tube a narrow riujSf of tinfoil, and connect 
it with the positive t«rminal [where the air-spark is supposed to 
be) by a wire passing at a sufficient distance to prevent its directly 
ulfecting the luminous column, the follon-tng appearances will be 
noticed : — 

(1) The column which starts from the positive terminal will 
be fouud suddenly to terminate in a bright column of small dia- 
meter occupying the centre of the tube. This column is usually 
striated, and ends in a stria with rounded head. 

(2) On the side of the tinfoil towards the negative end a conical 
column of luminosity is seen to start from the inside of the tube 
immediately beneath the tinfoil, and to stretch towards the nega- 
tive terminal. This cone in fact forms the base of the new 
positive column. 

(3) On examination, tliis luroinons cone is found to be hollow, 
the interior having an ill-delined and hazy surface in strong 
contrast wiUi the somewhat sharp and regular outline of the 
ejterior. (See fig. 183.) 

The authors proceed to consider what is the explanation of 
these appearances. We kuow that strong pulsations of posi- 
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relief in the Bume 
termiual of the tube 



live electricity pass to the positive terminal of the tube and 
the tiufoil, keeping time with the passage of the air-spai'ks. 
These pulsations, when they arrive at the terminal, are of 
sufficient intensity to cause discharges to pass through the 
tube, and the pulsations thiit reach the tinfoil must be of 
exactly the enme strength as those that go to the terminal. 
Such pulsations must drive off positive electricity in corre- 
sponding pulsiitioiis from the interior parts of the tube con- 
tiguous to the tinfoil. These latter pulsations are similar to the 
discharges that take place from the positive terminal, and they seek 
;., by rushing towai-ds the negative 
3 this process they form the hollow lumi- 
nous cone mentioned above. These discharges of positive elec- 
tricity from the iuuer surface of the tube leave behind them an 
excess of negative which would be held prisoned by the positive 
charge in the tinfoil if that were permanent; but just as the 
latter was generated by the momentary charging-up due to the 
passage of the air-spark, so it is released by the relief given to 
Bueh charging-up by the discharge through the tube. On such 
discharge taking place, the negative on the interior of the tube 
is set free, and in its turn satisHes the positive that meets it from 
the positive terminal. Thus we naturally get the termination of 
one positive column on the side of the tinfoil nearest to the posi- 
tive terminal, and a complete discontinuity between it and the 
second, which starts in a hollow cone from the edge of the tinfoil 
nearest to the negative terminal. 

To show more clearly that this is the true interpretation of the 
phenomena, and that the effect of the arrangement is thus to 
substitute for the original discbarge two indei>endent discharges 
occupying different parts of the tube, take two or more such rings 
separated from each other by spaces somewhat less than the 
diameter of the tube, and connect them as before with the positive 
terminal (Rg. 164). Each of these will be found to be the base 
of a hollow cone similar to that above described ; and each such 
cone will form the base of a luminous column having all the 
features of a positive column, and terminating sharply behind 
the next tinfoil ring or at the borders of the usual negative dnvk 
place near to the negative terminal of the tube. 

If we bring the finger or other conductor to the side of the 
lube, these columns will all display sensibility, but each will 
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move independently of the others and of the remainder of the 
positivt: t-olumn, and behave na if it started from the tinfoil ring 
nt its base, Gtill preserving, however, its position relative to the 
sectional columns on each eidc of It. 
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We now come to perhaps the most iiniiortant portion of the 
paper, naroely — that 

Ok the Nature of Stkix, and thk Artificiai. Productiox of 
Striatio.v in the Luuinous (Sensitive) Discharge. 

We have seen that the positive dischar^ due to a ring of 
tinfoil forms a hollow cone with a ehurply-defined luminous 
outer surface. This cone, if the nearest negative terminal is the 
Q^ative terminal of the tuhe, paiises into a column of diffused 
loininosity similar in all respects to the ordinary luminous column 
which starts from the positive terminal of a tube. 

But if there isanotliersimilar ring of tinfoil connected with the 
positive terminal (we are assuming that the eSect which is being 
examined is the special effect when the air-spark is in the posi- 
tive circuit) between the lormer ring and the negative terminal, 
the luminous column that starts from ring No. 1 is stopped by 
riug No. 2, and from this latter ring there starts a second hollow 
luminous cone which stretches away in its turn towards the 
iwgatire terminal in a different luminous column as before de- 
scribed. 

If these rings be placed at the proper distance from one another, 
and the size and exhaustion of the tube be suitable, the short 
Inmitious column between the rings will dwindle down to a hollow 
eone with blunt rounded head, this head being greatly superior 
in brigbtness to any other part of the eone, and stretching to a 
point close ttp or to even a little within the next ring, so that it 
is in the middle of the space enclosed by the hazy blue inside 
surface of the hollow cone that starts from that ring. 
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And, by using additional tings, tliis can be mnde to repeat^ 
iteuir until the whole luminous column is segmented into these ] 
hollow luminous cones or shells with briirht rounded heads. 

The theorjr which the authors of the pupec propose is that 
each of Ueie tamiitoui cones or »/ielk U a perfect atria hotk in 
funetion and tlrw^ture. The resemblance in ap(Tearance is most 
striking. There is the same convex bright outline pointing to- 
wards the negative terminal, the same hazy blue ill-defined 
hollow surface turned towards the shell immediately behind it, 
and there are the same dark intervals dividing conseciitive shells 
as divide consecutive etriee. Flat and annular striie can also be 
produced by proper adjustment of spark length, &c. 

liut it is not only in structure that these luminous shells 
resemble striie. There is also an identity of function, We know 
that when the ]>ositive pulses arrive at the glass, they drive off 
similar positive pulses from the interior of the tube, and thus 
form the luminous shells. And knowing, therefore, that each 
luminous shell signities a positive discbarge, and also that iio 
electricity passes through the glass, it is absolutely certain that 
a like amount of negative electricity must be collected at the 
surface of the glass within the tube, and must ultimately satisfy 
an equal amount of the original positive discharge — i.e., of that 
which comes to it from the positive terminal, or from the shell 
immediately on the positive side of the one we are considering, 
as the case may be. We have then a negative discharge from 
the side of the tube, or from the gas immediately within it, 
satisfying a positive discharge advancing towards it along the 
tube; and we find that it causes the luminosity of this discharge 
to stop short and terminate in a bright, clearly -defined rounded 
head, which is separated by a dark space from the seat of the 
negative discharge. This, then, is the function of the shell : the 
bright part is to serve as the place of departure of the positive 
electricity that is about to pass across the dark space {or the 
place of arrival of the negative electricity after so doing), and 1 
the hazy interior of the cone is to form the place of its arrival {<» " 
the place of departure of the negative electricity) j and, so far 
as we know, this is the sole function of these elements of the 
shell. 

Now let Tis take the ease of the striated discharge. Here, 
also, we know that the positive electricity in the current mui 
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leave the bn'glitliendortlie strin,and, after passing the dark spare, 
arrive ut the hasy iiiBide of the next, and the negative electricity 
must take a reverse course. There is an absolute identity in the 
functions of the correFpondiiig parts of the two Btructures, the 
only difftrenye being tlwt we know, from independent extrinsic 
evidence, that the electricity in the artificially sepmented discharge 
does not flow continuously, but xa intermittent discharges* 

Returning, then, to the cose of the artiflciully produced conical 
shells, the modut operandi of the discharge is as follows: — When 
the pulse of positive electricity arrives nt the terminal and causes 
the discharge into the tube, a positive discharge equal t to that 
wbicli passes into the tube moves synchronously from the interior 
of the tube at each ring of tinfoil, forms the bright shell or stria, 
and passes on to the next shell or stria ; thus supplying the place 
of the positive pidae that the ring of tinfoil there has just sent 
on. The last shell parses its disebai^ to the negative termina], 
and the first ^hell receives a discharge from the positive terminal. 
In this way a discharge passes through the tube identical in 
quantity and character to that which passes into it from the 
positive terminal. 

If, then, we are right in supposing that the series of artificially 
produced hollow shells are analogous in their stmctures and 
functions to stria, it is not diHicult to deduce, from the explana- 
tion above given, the modus operandi of an ordinary striated dis- 
charge. The passage of each of the intermittent pulees from the 
bright surface of a stria towards the hollow surliice of ihe next 
may well be supposed by its inductive action to drive from the 
next stria a similur pulse, which in its turn drives one from the 
next stria, and so on. Thus the processes in the naturally and 
artificially striated columns are precisely similar,eave that, in the 
case of the latter, the pulses from the several atrite are excited by 

* At the preipnt tUtge of tbe Iniguirj the nulhorB sssnme Ihnt all vncuum 
ducbsrgn are in realltj iiitennlllTiit. Any vho do not wish to admil tbia 
must t«be the reasonin^-B of tliln wclion bb applicaklla onlj to Ihoae striated 
duchargM wblch Are known to be intermittent. 

■\ It maj seem an nnwarrantal auuniptioii to assume that each of thewi 

STtiEeialljr prodaced diKharKta is rqusl to tbe whole original discharge, but 

tb« appearancea (nith suitable adjuBtment*) aeera to warrant it. and at the 

miagi* ■implifit'd, and the vulidit; of the theory ia not aflected hy this 

, it will, tbroDgh the rest of this Kution, be Huppoaed lo be 
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induction from without llie tube, while, in the cose of the rormer, 
the induction is that of the dischnr^e itself in its paes.nj^ from 
stria to stria. The passage of the discharge is due in both cases 
to an action consisting of an independent discharge from one 
stria to the next ; and the idea of this action can perhaps be best 
illustrated by that of a line of boys crossing a brook on stepping- 
stones, each boy stejtping on to the stone which the boy iu front 
of him has left. 

The unit of a striated vacuum discharge >s therefore composed 
of the bright surlace of a stria, the dark space in front of it, and 
the hazy interior surface of the stria on the further side of that 
dark space. In this unit wo have a positive terminal, a space 
across which the discharge passes non-luminously, and a nega- 
tive terminal. And, in the opinion of the authors of this paper, 
all striated vacuum discharges are composed of iWu plications of 
this unit, and that any phenomena connected with the negative 
terminal which seem to contradict this view, and to point to a 
special structure of the discharge near the negative terminal, un- 
like anything that exists in other portions of the discharge, are 
rely modificationB due to the local circumstances of the 
terminal. 

The authors proceed to show that even the " negative glow " 
and " negative dark space " can be shown to be cao^ by 
modifications of a stria produced by the negative pole. The 
authors regard each segment as constitutingasepurate discharge. 
One phenomenon observed by them, of a different kind to tliow 
of which we have beeu ehiefly speaking, appears strongly to con- 
firm this, ir a magnet be applied to a striated column, it will 
be found that the column is not simply thrown up or down as % 
whole, as would be the case if tbedischai^e passed in direct lines 
from terminal to terminal, threading thestrite in its passage. On 
the contrary, each stria is subjected to a rotation or deformation 
of exactly the same character as would be caused if the stria 
marked the termination of flexible currents radiating from the 
bright head of the stria behind it, and terminating in the hazy 
inner surface of the stria in question. An examination of sever»L 
cases lias led the authors of this paper to conclude that the cur. 
rents do thus radiate fi-om the bright head of a stria to the inner 
surface of the next, and that there is no direct passage from ooa 
terminal of the tube to the other. 
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PiiiaiL-AL SmucrvKB OF Srnis. 

It is nutural to iiiquiru whut, ia thi§ theory, is the pliysiral 
etnicture of etriie. Are they merely luminous up|>ouraiici;B (i. v., 
loci of maKimum Imniuosity) , or are they aggrej^utiuns of mnttt-r 
having a material etriicture? 

The authors cunsiJer that Ihitt is a qUfBtinu which it is be- 
Tond tlie scope of this pa|)er to discuss; but the most probable 
view, in their o|>inion, is that they should bo regarded as 
lepta of cmphle eleHric porunily, kamag a material tlructure. 
One of the most importaut fut-ta favouring this conelusion 
is that wheu FtriEe are formed by a coil working with a high- 
speed breiili, till! striin produfc-J liy the two uurruiits (the 
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make and the break) adhere pereistently together in pairs 
as though the alternate i-urreuts found ready to hand atriee that 
only needed a little deformation to muke them availuble for their 
purposes. The authors add that there are other fauts tending to 
support this conclusion, hut that a complete examination of the 
question would carry them beyond the limits of the present paper. 

DUEATION OP THE DlSCHAHOE. 

The pa»'age of the dUckarge Ihrough the tube ot-eujiiei a time 
tekiek it tvjfieienlti/ tmall in eoinparison with the inleroat helweeii 
tie dUeharget la prevent aii^ inUffereaee between tnccensive elec- 
trical puUet. 

This was proved by an examination of the diseharge by a 
revolving mirror. 

In order further to test the possibility of single pulses giving 
rise to the effects of which we have been speaking, the following 
experiment was tried ; — Tlie terminals of a tube were connected 
with the outside and the inside of a small Leyden jur. The poles of 
tie secondary circuit of a coil were placed so that the discharge from 
the coil charged the jar by leaping over intervals of considerable 
size (about a quarter of an inch for the negative pole, and three- 
quarters of un inch for the positive pole), so that the make- 
current was excluded. \Vlien the cuil was worked, there 
appeared a brilliant discharge caused by the jar periodically 
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diBcliarging iteclf through tlie column. A slit was placed on 
the tube, and the luminous column wag examined by the re- 
volving mirror, and it was found that the discharge was quite 
instantaneous, and that usually it was not followed by the next 
at any regular interval, but that oeeasionally it wan multiple. 
The discharge was then tested for both relief and non-relief 
efiects, and, notwithstanding the very large quantity that passed 
at each discharge, it gave them very markedly. The contact 
breaker was then worked by hand so as only to give single 
flashes. These were tested for sensitiveness and were fonnd to 
be perfectly sensitive. Tkitfi it appear) from ei^perment fkat tie 
vkole of the retiif and itoa-relief effects are eompUted within each 
tingle puUalion, ami that the effect of the rapid repetition of the 
diseharges %» merely to give the appearance of permaaence to effecta 
whici in reali/jf appear ami disappear during each separate dU- 
eharge. 

NATlinE OF THE DlSCUAt 

The discharge is effected under ordifiarg circvmstancei hg 
pasinge through the lube from the air-ipark terminal of free ei 
tricitg of the same namea» the elecfricitj/ at that terminal. 

The authors prove this proposition by numerous experiments, 
of which perhaps the two most importunt are the following: — 

(1.) If a piece of tinfoil be placed at any part of the tube, 
even at the end farthest from the air-spark, the relief effect will 
be such as to show that the pulse of electricity is of the same 
kind at every portion of the inside of the tube. 

(2.) In order to prove the proposition in another way, a vacuum- 
tube was enclosed in a metal canister (the wires passing to its 
terminals through tubes of insulating material inserted in small 
holes in the canister), and a telephone was placed in circuit be- 
tween the canister and the earth. When a discharge with an 
air-spark in the external circuit was sent through the tube, a 
sound was heard in the telephone similar to that made by the 
air-spark. By a fundamental proposition in electricity* the 
free electricity on the surface of the canister (and which escaped 
through the telephone to the earth) was at any instant equal to 
the excess of one kind of electricity over the other in the space 
within the canister. Had the discharge been in the nature of 
conduction, as in a galvanic current, there would at no inst&nl 
' See vol. i. puge 16. 
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iiave teen an excess of eitlmr kind of clt-ctricity, unj therefore 
^here would not have been any Bound in iho telephone. Tlie 
existence uf n sound testiiied lo variutions in the algebniical sum 
'^f the free electricity in tlie tube. To ehow that thiti was notduo 
to anything depending on the wires leading to the tube, the enme 
experiment was repeated with n tube in which the middle por- 
tion was connected with the two end portions by very narrow 
passages. The middle portion was placed in the canister and the 
Harrow parts passed tlirough small hules made in its sides, so that 
only a portion of the complete tube was witliin the canister. The 
same refiults were obtained with this arrangement. 

Ok Unh'olak Dischauoes. 
We have Been that, inasmuch as the discharge from the air- 
•park terminal produces its special eSect without any indistinct- 
Dcss or confusion close up to the opposite terminal, it would appear 
that the discharges from the two terminals are so far independent 
that the discharge may take place from one, and the free elec- 
tricity pass right through tlie tube to the immediate vicinity of 
the other, without evoking a specilic response from the latter ter- 
miDal. And if each sneh dbcharge docs in any way call forth 
from the other terminal a specific response, it must be so slight 
that it does not aflect materially the electrical condition of the 
interior of the tube, or the efiect which that condition produces 
m conducting systems outside the tube. And we have also seen 
that this independence implies that the electricity leaves the 
'^rminal from which it starts in consequence of the electric 
tension within that terminal, and only in a very suboi'dinate 
degree in consequence of the correlative actiou at the opposite 
terminal. Lest these should seem to be too hastily drawn con- 
clusions, the authors proceed to describe a class of phenomena 
which furnish very important evidence of their truth. 

If we tiike two exhausted tubea of the same general type, and 
eounectone terminal of each with one terminal of a large Holtz 
machine, and connect their other terminals with the other ter- 
minal of the machine, interposing an air-spurk (say in the positive 
circuit) so that the electricity has two alternative paths, the one 
throogh the one tube and the other through the other, the air- 
spark being common to both paths, a very remarkable phenomenon 
will be witnessed (fig. 186). If the air-spark be of a suitable 
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maguitude, it will be found thiit one of the tubes la wholly 
traversed by the discharge, but that the other ia occupied only 
by tt luininouB column extending from the positive t«rminal into 




tlie tube ibr a considerable portion of its length, nnd gradually 
ta]>eiing to a point. If the air-Bpark do not exceid a certain 
limit, depending upon the " reaistanee " of both tubes, there will 
be no luDiiDOsify at the other end of the tube, and no discharge 
through it. No effect will be produced upon the himinous column, 
nor on any portion of the discharge, by breaking the connection 
with the distant terminal, showing, what the appearance of tha I 
column itself sufiiciently indicates, that the discharge is unipolar \ 
or incomplete. Slight indi^tione of blue haze are aometimeB 
seen at the tip of this tapering column, due probably to aooie 
negative electricity gathered from the neighbourhood, but not 
directly discharged from the opposite terminal. The ilUckatge it, 
in fad, one whkk pamet into the tube, but not tcilk avffieleKt fores 
to pas» through it, and which according/^ relurnt bj/ tie viay bg 
which it entered. The cause of thia recall will be examined 
later; for the present it sufficea to point out the fact that 
here we have a discharge from one pole, which is unable to 
approach near enough to the other pole to get relief there, and 
actually prefers to return by the way it came rather than to pass 
through the tube to the other terminal. Such discharges tlie 
authors propose to call unipolar dieciargeg. 

This unipolar discharge is of course intermittent, and therefore 
sensitive. If we take a glass rod (fig. 187) with a piece of tinfoil at 
the extremity electrically connected by a wire with the positive 
terminal ofthe tube, and hold it near to but a little beyond the end 
of the luminous column, we shall Und the luminous column driven 
back ; and by carefully advancing it towarda the positive ter- 
minal we can often succeed in driving the luminous column wholly 
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back and preventing any visible diecbar^ taking pluce into 
the tabe. The csplanalion of thia is obvious. At the moment 




that the chargiug-tip, which causes the discharge, takes place in 
the positive terminal, there is also a charging-up in the tinfoil, 
and this by its inductive effect tends to preveni the advance of 
any free positive electricity. Thus, however rapid the pulsa- 
tioD, the force tending tu oppose the discharge keepa exact time 
with it, and causes the heading back ot the luminous column. 
If the tinfoil and wire be connected with earth, or otherwise made 
a relieving system, we lind the usual to-earth cSecta produced on 
this unipolar dischnr^. 

A form of these experiments, which is in some rct^pects 
even more striking, is obtained by taking a lube with an 
intermediate terminal (tig. ISS), and connecting the inter- 




mediate and one of the end terminals with the positive 
terminal of the machine, and tlie other terminal of the tube 
with the negative terminal of the machine. Let us interpose 
an air-spark in the positive circuit so that it forma part of 
the path to both of the terminals which were connected with 
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the positive terminal of tlie machine. With an air-sparV of 
proper dimensions it will be found tliat while the whole effective 
current passes from the positive intermediate terminal to the 
negative terminal, there is seen besides, tirat a ton gue-«h aped 
luminous column estending from tlie positive end terminal to- 
wards the intermediate terminal ; nnd, secondly, a similar tongue- 
shaped luminuits column strelehiug out from the intermediate : 
terminal to meet it (fig. 188). Or again, if we arrange two j 
tubes as first described, and connect both terminals of the second 
tube with the positive terminal of the machine (fig. 1S9), we 
shall have two positive unipolar columns as before. These two do 
not join; and it is clear that here we have naturally the same effect 




I 



Jig. i». 

as that obtained by the use of the tinfoil in the former case. 
Kach of these discharges acts repulsively on tlie other, and they , 
drive each other hack. If we use the tinlbil, as in the former | 
experiment (fig, ] 87), we can drive each in turn back towards, and 
sometimes into its terminal ; and within considerable limitswheo 
one column is driven back, the other advances, and vice vertd. 

This experiment with the intermediate terminal shows very 
forcibly how the discharge from an air-spark terminal depends 
solely on the forces at work at the terminal itself, and has 
but little reference to the condition of the other terminnl of 
the tuho. We see here that the positive electricity from the 
iutermediote terminal netually issues copiously in the direction 
in which lies not only no negative terminal, but actually a , 
positive terminal, which ultimately succeeds in repelling ita ' 
advaceu. . ' 

In corroboration of the statement that tliese tongue-shaped 





The Sensitive State — Spottiswoode and Moulton. 109 

luminouB culuains are parts of two diatintit iDcumpIete dis- 
charges, wo may add that the magnet shows that they repre- 
sent discharges going in opposite dir«ctioDS, the positive elec- 
tricity in each proceeding from the base of each column towards 
the apex. 

Similar phenumeoa, suve in respect of the shiipe of the luniU 
nous columns, are seen when the two terminals are joined to the 
negative terminal of the maehine. 

Id the course nf their experiments the uiithors showed that, it' 
we t»ke a diseharjje of smull (iiiuiitity from a coil of symmetriciil 
make, the electricity passes into the tube simultaneously at botli 
terminals, and that the two discharges meet and tiirra a neutral 
zone D«ir the middle of the mbe. 

The result of connecting a small condenser with one of the ter- 
minals of the tube, when a coil disi-hurge is used, is to depress the 
electrical tension produced at that terminal, and shift the position 
of the neutral zone. It is very instructive to compare these 
effects with the analogous eifects in the case of unipolar dis- 
charges. If we join the eirective terminal of the tube con- 
taining the unipolar discharge to a small condenser composed of, 
say, two pieces of tinfoil about three square inches iu area, with 
u plate of mica between them, we shall see the luminous tongue 
slightly shorten. If, now, we connect the other side of this con- 
denser to earth, we see a (urther shortening of the column, which 
will often almost disappear. If we connect the terminal with :i 
larger condenser or a Leydenjur, the discharge wholly disupijcars, 
Thus we see that the condenser or Leyden jar has, just as in the 
case uf the coil discharges, the effect of muffling or toning down 
the intensity of the impulsive changes of electrical tension at the 
terminals, and thereby lessening the violence of the discharges 
into the tube. 

General Cosclusios. 
Tlie authors conclude from these experiments that the indepen- 
dence of the discharge from each terminal is so complete that we 
can at will cause the discharges from the two terminals to l>e 
equal in intensity but opposite in sign (as in the case of the coil) 
or of aoy required degree of inequality (as in the ease of the coil 
with a small condenser). Or we can cause the discharge to be 
from one terminal only, the other terminal acting merely recep- 
31 
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lively {as in the case of the nir-gpark discharge) j c. ... , . , ,.„^ 

the diseharfje lo pass from one terminal only and return to itJ 
ttie other terminal not takin<^ any part in the dischar^j orX 
linall}', we cun muke the two terminals pour forth independeofeJ 
disuharges of the same sign, eiicli of which pai^es bauk through.! 
tlie terminal from whence it came. 

Tlie paper corichides with an examination of 

The Statf. of the Tube duri?:^ the Occokre.vce op thb 

DlSCHAKRB. 

The authore lind that the disoharofG does not take place slmul- 
tuneoUKly all along the tube, but thiit Jt is progressive, and pro- 
ceeds from the air-spark terminal. 

Iftwo pieces of tinfoil, connected by a thin wire, be placed ott'J 
the tube — a small one. A, near the air-spiirk terminal, and a larg* I 
one, B, near the opposite tenniual — it is found that ai-elief il' 
obtained at A as eoinplctc us if B (-itill Bttiichetl by a wire) wer* \ 
removed quite awny from the tube. 

This showd that, at the time when the demand for relief ii 
bein^ made on A, no such demand is being made on B — that it^. 1 
that the discharge has not reached B at the time when it ia | 
passing A. 

Concluding RtuAKKS. 

The authors proceed to inquire whether the results which they 
have established from discontinuous discharges are also appli- 
cable to continuous ones, and they conclude that the essentials 
of the discharge of electricity through rareRed gases are the same, 
whether the discharge be interrupted, uninterrupted, or wholly 
discontinuous, and perhaps alternate. 

N^ow the simplest, and indeed the only obvious, explanation of 
this result is that the character which was found to be funda- 
mental in sensitive discharges, viz., disrupt! veness, is common to 
both kinds of discharge; and that the difference between the 
two kinds is to be sought in the scale on which that character is 
displayed." 

In both discliarges, each terminal pours forth its electricity to 
satisfy its own needs, and only in a very secondary degree lo 
satisfy the needs of the opposite terminal. The one terminal does 

* It muRt be iiote4 that in the ordinary discharge tlie di«coQtiniioa< 
pnUes in which the eleclricitj Imvm the terminata must be very minulc. 
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not feel the electric state of the other directly, as would be the 
ease were they metallically connected, but pours forth its electri- 
city in the shape of free electricity, and leaves it to wander at its 
own will in that shape. If these two matters could be demon- 
strated conclusively, a ^reat step would be gained in our know- 
ledge of the nature of* electric di8char«^s; and, though the 
authors consider that this is not to be hoped for at present, 
they trust that the results recorded in this paper add con- 
siderably to the evidence in favour of them. 

The authors conclude with a number of arguments in favour 
of the view that a//dischai*ges are discontinuous. In particular we 
may note that the probability that lx>t!i kinds of discharge are 
really pulsatory is increased by the consideration that the striie 
zve formed by the discharge. This increases the difficulty of sup- 
posing that a strictly continuous current could imitate effects 
which we have seen to be causeil by discharges known to be in- 
stantaneous and disconnected. If the evidence given in the paper 
of the form of the discharge from one stria to another (see vol. ii. 
page 101) be considered suflBcient, these remarks have still greater 
weight, for it is scarcely conceivable that a strictly continuous 
current should take so strange a course. The passage from stria 
to stria must then be taken as disruptive and discontinuous ; and, 
if this be granted, then, as striae are only particular cases of ter- 
minals, it follows almost as a matter of course that all discharges 
in rarefied air are equally disruptive and discontinuous. 
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CHAPTER XXXVn. 



PUE\OMBNA IN VERY HIQH V.iCir. 



'EBIMENTS OF CBOOKE9." 



Mk. Crookks states that he h^is discovered that when the 
exhaustiou of n vacuum ttibe is carried considerably beyond 
that point which gives tlie best striie and luminous effeets, a new 
set of phenomena not hitherto observed are produced, and that 
the I'esidual ^as developes so many new properties that he con- 
sidera himsell' justilied in saying that gus, when at these low 
pressures, may he regarded as matter in a fourth or ultra-gaseous 
state. To this he has given the name of " Radiant Matter." 

According to Mr. Cronte", the states of matter are four, as 
follow:- _™ 

Solid. ^H 

%. Liquid. ^H 

3. Gaseons, 

4. Radiant. 

Although this view h;is not met with universal acceptance, it 
still appears to me to be legitimate, for the ditferences between 
the 3rd and 4th state seem to me to be at least as great as those 
between the 2nd and 3rd, and certainly to Iw greater than those 
between the 1st and Snd. ^B 

The pivssure at which the new phenomena ai-e best seen^H 
aliout 1 H (one millionth of an atmosphere). ^H 

The difference between gas at 1 M and gas at say 3OO0 H 
appears chiefly to he caused by the faL-t that at the lower pressure 
the " Free Path " of each molecule— that is, the average distance 
which it moves without coming into cottision with another 
molecule — is comparatively great, while at a higher pressure it is 



much \ 



lallei 



• ■■ On Rwliant Matter," a Lectu 
&l.<:mrl<l, Au^ciMl 22, 1879, lo' Win. 



e delivered to the British Association ai 
Cmi.keB. F.B.S. 
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At the high pressure the molei-uli-a can hardly he said to 
move at all in straight lines, because their direction of motion i>i 
constaiillj bein^ chanjjfed by collision. Speaking roughly, we 
may say that, atapreBsiireofl M, the " moan free path," — that is, 
the avera^ distjiui:e wljich each molecule will move in a straight 
line beforti being deflected by collision — is about SOOO times as 
long as its mean free path in gas ut 3000 M, the pressure of an 
ordinary vacuum tube. In I'act, aa Mr. Crooken observes, " By 
g-reat rareraction the mean free path has become so long that 
the hits in a given time, iu comparison to the misses, may bt.- 
disregarded, and the average molecule is now allowed to 
obey its own motions or laws without interference. The 
mean free path, in fact, is comparable to the dimensions of 
the vessel, and we have no longer to deal with a conlhuwiia 
portion of matter, as would be the case were the tubes lesb. 
highly exhausted, but we must here contemplate the molecules 
Individual^!/." 



The Negativk D.vitK Space. 

In all will-eshausted vacnnm tu'jes a small "dark space" 
■nrroundg the negative pole. 

Mr. Crookes finds that, as the eJthnnstion improves, the 
dark tpace increases. He accounts for the iuerease as follows ; — 

Molecules of gas are driven off from the negative pole, and, as 
lung as they do not lome into collision with any ot'ier molecides, 
they do not produce iiny light. The space over which they 
travel without collision will be dark. 

When, by diminishing the pressure, the mean free path is 
lengthened, the dark spuce increases. 

The following experiment was devised for showing this "diiik 
space " to an audience : — 

The tube (fig. 19") has a pole at Its centre in the form of 
B metal disk, and other poles at each end. The centre pole 
is made negative, and the two end j>oleB connect4'd togethei 
are made the positive terminal. The dark spate will be iu 
the centre. When the exhaustion is not very great, the dark 
space extends only a little on each side of the negative pole 
in the centre. When the exhaustion is good, as in the tube 
which was shown in the lecture, and the coil is turned on. 
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the dark Bpaec is eet'U U> extend for about an iiicli'on eDch 
side of tlie pult^ 




Radiant Mattkii exeuts poweufil PuoiiPHoiiuutML: Ai,Tiu!( 
wiiERB IT Strikes. 
We have mentioned that tlie radiant mutter within the dark 
epuee excites luminosity where its velocity ie arrested by residual 
gas outside the durk space. But if no residnal gns is Icl^, the 
molecules will have their velocity arrested by the sides nX the 
f^liiss; and here we coma to the first nnd one of the most 
iiolewortiiy properties of radisnt matter dlt^harged from the 
ne^tive pole — its power of exi^itiny pliosphoreseence when it 
strikes a^inst solid matter. The uumlier of bodies which 
respond Inminously to this molecular bomburdment is very great, 
and the resulting colours are of every variety. Glass, for 
instance, is hii;lily phosphnrfseeiit when exposed lo a stream of 
radiant matter. Fig. litl repi-eseiit* tliree bulbs composed of 
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difTervnt <r1aKs; one ib uraDiiim glas« (a], which phosplioretiutis ai 
a dark green colour; another is English glass {i], which phos- 
phoresces or a blue colour; and the thii-d (o) i§ sofl Gerninn 
glass — of which most of Ihe apporatus used in the lecture was 
made — und phosphoresces of a bright apple-green. 

Many other subataneea are also phosphorescent under the 
influence of rndinnt matter. 

When luminous sulphide of calcium, prepai^nl according to 
5Ir. Ed, BecijLierel's description, ieexpiwed even to candle-light, it 
phosphoreGL-es for hours willi a bluish white colour. It is, however, 
much more strongly phosphorescent under the influence of the 
luminous discharge in a good vacuum. 

The rare mineral Phenakite (aluminate of glucinum) phos- 
phoresces blue ; the mineral Spodumene (a silicate of aluminium 
and lithium) phosphoresces a rich golden yellow ; the emerald 
^ves out a crimson light. But Mr. Crookes finds that, without 
eseeptiun, the diamond is tlie most sensitive substance be has yet 
met for ready and brilliant phosphorescence. A very curious 
fluorescent diamond was exhibited in the lecture, green by day- 
light, colourless hy candle-light. It is mounted in the centre of 
an t-xhausted bulb (fig. l'J2), and the mulecular discharge was 
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diamond was eeen to elijne with as much light as a candle, 
phosphorescing of a bright green. 

Next to tlie diamond the ruby is one of the most remarkable 
stones for phosphorescing. A tube shown in fig. 193 was exhibited 




FiS- IBS, 



containing a line collection of rnhy pebbles. As soon as the 
induction spark wae turned on, the rubies were seen to shine with 
a brilliant rit-h red tone, as if tliey were glowing hot. It scarcely 
matters what colour the ruby is, to liegin with. In the tulie of 
natural rubies there were stones of all colours — the deep n.'d and 
also the pale pink ruby. There were some so jiale as to be almost 
colourless, and some of the lii^hly -prized tint of pigeon's bl'>od ; 
but under the imjiact of radiant matter they all phosphoresced 
with about the same colour. 

Now the ruby is nothing but crystallized alumina with a little 
coluuring matter. In a pa|ier by Ed. Becquerel," published 
twenty years ago, he describes the appearance of alumina as 
glowing with a rich red colour in tlie phoep horoscope. In 
another tube was shown some precipitated alumina prepared in 
the most careful manner. It had been heated to whiteness, and 
under the molecular discharge it glowed with the same rich red 
colon r.t 

" Annalei de Chimic et de Fhi/iiqie, 3rJ ai^riea, vol, Ivii., p. 60, ISolf. 

t Tbe !>p«i:truin nf the red li^lit emitted hy tliesn varielies of alumina i> 
tlie «nuia ai described by Becquerel twenty year* ago. Thera ia one mtenae 
rrd line, a little lirliiH' the liied line B in tbe Hpectrura, having a wh re- 
length ur about 6895. There ih a i-untinuoua Bpmtrum beglaiiing at about 
B, and R few ftiinter lines beyond it, but tliey are so faint in cumpariaun 
with tliie red line that they maj be ne)(lected. This line is eafily seen by 
eiamining with a hiiiuII '.oi'ket upectroscoiie the light rellected from a gotrfi 
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Fig. 194 represente a tube which was shown to illustrate tlie 
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di'|K!U(li'nce of the phosphoresceDce of the glass on the degree of 
exhaustion. The two poles are at a and b, and at the end (c) is 
3 small supplementary tul)e eonnected with the other by u narrow 
aperture, and eontaining solid caustio potash. The tube had 
been exhausted to a very high point, and the potash heated bo 
na to drive off moisture and injure thi> vacuum. Exiiaustion 
had then been recommenced, and the alternate lieatiug and 
exhaustion repealed until the tube had been brought to the state 
in which it was exhibited. When the induction spark was first 
turned on, nothing was visible — the vacuum was so high that the 
tube was n on -con ducting. The potash was then warmed slightly, 
BO a9 to liberate a trace of aqueous vapour. Instantly conduc- 
tion commenced, and the green phosphorescence Dashed out along 
the length of tlie tube. The heat was eonlinuci] so as to drive 
(iff more gns from the potush. The green g<it liiiiiler, and then 
H wave of cloudy luminosity swept over the tulie, and >tratif!ca- 
liona appeared, which rapidly got narrower, until the spark 
paesed along the tuW in the form of a narrow purple line. The 
lamp was taken away, and the potash allowed to cool; as it 
cooW, the a<|ueous vapour, which the heat had driven off, was 
reabsorbed. The purple line broadened out, and broke up into 
fine stratificntions ; the»? got wider, and travelled towards the 
potoftb lube. Then a wave of green light appeared on the glass 
at the other end, sweeping on and driving the last pole stratifi- 
cation into the pntash ; and, lustly, the tube glowed over its 
whole length with the green phosphorescence. If the tube is 
lell to itself for some time, the green grows fainter and the 
vacunm becomes non-conducting. 



Radiant Mai 



1 PROCEEDS IN Straight Lines. 



The radiant matter, whose impact on the { 
evolution of light, absolutely refuses to turn a co 



lass causes an 
ner. Fig. 195 
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npreeents n V-aUapeJ liibu, a [Kile being Rt «ich extremity. Tbe 
pule at the right sidu [a) being negative, tbe wbole oi' the right 




nrm was flnnded wilh jjreen light, but at the bottom it sto[)|)Mi 
isliurjily and would not turn tbe corner to get into tbe left side. 
When the current was liiversedj and the left pole tniide Degative, 
tbe green changed to the left eide, always following tbe negative 
pole, and leaving the positive side with scarcely any luminosity. 
To produce the ordinary phenomena exhibited by vacuum 
tubes, it is customary, in order to bring out the striking 
contrasts of colour, to bend tbe tubes into very elaborate 
designs. The luminosity caused by tbe phoepborescence of 
the residua) gas follows all tbe convolutions into which skil- 
ful glass-blowers can manage to tvvist the glass. The negative 
pole being at one end and the positive pole at the other, 
tbe luminous phenomena seem to depend more on tbe positive 
than on the negative at tbe ordinary exhaustion hitherto used 
to f^et the )]est phenomena of vacuum tubes. But at a very 
high exhausticn tbe phenomena noticed iu ordinary vacuum 
tubes, when tbe induction spark passes through them — an ap- 
pearance of cloudy luminosity and of stratifications — disappeav 
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entireljr. Xo cloud or fo); whuievur is seen id tbe body of the 
tiil>e, atid with such a vucuuiu as is used in these experiments^ 
tlie only light obsi-rvwl is tliat from tlie iihosiiliorcBtont surlac-u 
of tJje ^lu)^. Fi^. mti repreN;ui« two bullia, nliku in shape and 




position ol' pok-s, the only differenw Iteiiij;* that one is at an ex- 
haustion equal to a few millimetres of mercury — such a moderate 
exhaustion as will give the ordinary luminous phenomena — whilst 
the other is exhausted to about the millionth of an atmosphere. 
Firet the moderately exhausted bulb (A) was eomiected with the 
mduction coil, and the pole at one side (a) beins retained always 
negative, the positive wire was put Buccesaively to the other poles 
with which the bulb is furnished. It was seen that us the posi- 
tion of the positive pole was thongetl, the line of viclet li^ht 
joining the two poles changed, the electric current always 
choosing the shortest path between the two poles, and moving 
about the bulb as the position of the wires was altered. 

This, then, is the kind of phenomenon we get in ordinary 
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exhaustiong. The same experiment was then tried with a bnlbl 
(B) that WHS very highly exhausted, and, as before, the side pole ] 
{ii') was made the negative, the top pole (i) being- positive. The 1 
appearance eeen was very widely different from that shown by 
the last bulb. The negative pole was in the form of a shallow cup. 
The molecular rays from the cup crossed in the centre nf the 
bulb, and, thence diverging, fell on the opposite side and pro- 
duced a circular patch of green phosphorescent lighL The posi- 
tive wire was removed from the top and connected firat to the 
side pole (c), then to the bottom pule [d); but the green 
patch remained where it was at first, unchanged in position or 
intensity. 

"We have here another property of radiant matter. In the 
low vacuum, the position of the positive jwle is of every impor- 
I tance, whilst in a high vacuum the 
position of the positive pole scarcely 
matters at all ; the phenomena 
seem to depend entirely on the 
negative pole. If the negative pule 
points in the direction of the posi- 
tive, all very well ; but, if the nega- 
c pole is entirely in the opposite 
I diix.'Ction, it is of little consequence: 
1 the radiant matter darts all the 
I name in a straight line from the 
I ne^tive. 

Tf, instead of a flat disc, a hemi- 
;ylinder is used for the negati ve 
I pole, the matter still radiates normal 
I to ils surface. The tube represented 
I in fig. 1!I7 illustrates this property. 
I It contains, as a negative pole, ft 
I Lemi-eylinder {a) of ]xiliKhe<l alumi- 
m. This is connected with a fino 
^^' '*^' copper wire, i, ending at the pla- 

tinum terminal, c. At the upper end of the tube is another 
terminal, d. The induction-coil is connected so that the bemi- 
cylinder is negative and the upper pole positive, and, when 
exhausted to a sufficient extent, the projection of tbe molecular . 
rays to a focus is very beautifully shown. Tlie rays of matter. 
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beio^ diiveii from tlie li«ni -cylinder in a direction normni 
to its Burlarc, come to a Toeiis and tlien diverge, tracing their 
path in brilliant green plioejilioreiiOL-iiee on the surface of the 
gloss. 

Another tube wai) shown, in wldcb the focus of molecular rays 
was received on a phosphorescent screen instead of on the glu^s. 
The eflect produced was most lirilliaiit, and lighted up Iht- wholii 
Uble. 



BaDIAKT MiTTEH, WHES IKTKRCEFTED BY Soi.lD M.ITTEH. CiSTS 
A SUAIMW. 

Kadiant matter cumes from the pole in 8trai;;ht Hues, and does 
not merely permeate all parts of the tube and till it with light, 
as would be the case were the exhaustion less good. Where 
there is nothing in tlie wiiy, the rays strike the screen and pro- 
duce phosphoresceni-e ; and where solid matler intervenes, thev 
are obstructed by il. and a slindow is thmwii on the screen. In 

I the p.-iir-Blui|.e.l bull (tig. I'JS) the negative iiule (a) is at tin; 
I 
pcnnf«d 
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^^f«d end. In the middle is a cross {4) cut out of sheet 
aluminium, so that the rays from the negative pole projected 
along the tube will be partly inteiveptid by the aluminium erofs, 
and will project an image of it on the hemispherical end of the 
tnbe which is phosphorescent. When the coil was turned on, 
the black shadow of the cross was clearly seen on the luminous 
end of the bulb (r, d). Now, the radiant matter from the nega- 
tive pole has been passing by the side of the aluminium cross to 
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produce the shadow; tlie gliiss has boen hammered and bom^ 
bnided till it is npprocialily nnnn, and ot tlie same time another* 
efFect has been produced on the glass — its sensibility has bpeo 1 
deadened. The glass has got tired, if the expression may be 1 
used, by the enforced phospborescenoe. A chiinge has been pro- 
duced by this moleculur iKtmliardmyiit which will prevent the 
glass from responding easily to additional excitement ; but the 
part that the shadow has fallen on is not tired — it has not bevn 
phosphorescing at all, and is perfectly fresh ; therefore, on the 
cross being thrown down • bo as to allow the rays from the nega- 
tive pole to fall uninterruptedly on to the end of the bulb, the 
black cross {■■, i/, fi;;. Iy9) was seen suddenly to change to % 



* © 



luminous one (e, f), because the back-ground was now only 
capable of faintly phosphorescing, whilst the part which had the 
black shadow on it retained its full phosphorescent power. The 
stencilled image of the luminous cross soon dies out. After , 
a periotl of rest the glass partly recovers its power of phospho- 
rescing, but it is never so good as it was at firsL 

Here, therefore, is another important property of radiant 
matter. It is proiect«d with great velocity from the negative 
pole, and not only strikes \\w glass in such a way as to cause it 
to vibrate and become temporarily luminous while the discharge | 
is going on, but the molecules hammer away with sutScient 
energy to produce a permanent impression upon the glass. 



Radiant Matter EXEii-re STitoxo Meciunical Actios wherb 
IT Strikes, 

We have seen, from the sharpness of the molecular shadows, 
that radiant matter is arrested by solid matter placed in its path. , 

* TIiIr coulJ be done by giving tbeftpparatuinsli^lit jerk, the cnm baviag.'J 
been ingeniously conBtrucled with a binga bj Mr. Giminghmn, 
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If tbis solid body is ensily moved, the impact of the molecules 
will reveal ilsclf in stronft moi^hanieal adicti. Fifj. 200 ivprefientB 




all ingenious piece of nppnrntDa, cnnstracted by Mr. Gimingham, 
(vhich, when placed in the electric lantern, rendered this mechn- 
nicat action very plainly visible. It consists of a hiylily- 
t'xbausted glnsis tube, haviu^ a Itttle f^lass railw.-iy running along 
it fmm one end to the otber. Th« axle of a small wheel revolves 
on the raiU, the spokes of the wheel carrying wide mic!i paddles. 
-At each end of the tulie, and rather above the centre, is an alumi- 
nium pole, 60 that, whichever [rfde is made negative, the stream of 
radiant matter darts from it along the tube, and, striking the 
upper vanes of the little paddle-wheel, causes it to turn round and 
travel along the railway. By reversing the poles the wheel can 
be arrested and sent the reverse way ; and if the tube be gently 
inclined, the force of impact is ob8er\'ed to he sufficient even 
to drive the wheel up-hill. 

Tliis experiment therefore shows that the mtdccular stream 
from the negative pole is able to move any light object iu front 

of it. 

The molecules Iwing driven violently from the pole, there 
should be n recoil of the pole from the molecules, and by arrang- 
ing an apparatus so as to have the negative pole movable and the 
body receiving the impact id the radiant matter fixed, this recoil 
call be rendered »;nsible. Fig. 2U I represents nu apparatus whoBe 
apj)earaiice is not nnltke an ordinary radiometer, with aluminium 
discs for vanes, each disc coated on one side with a film of mica. 
The fly is supported by a hard steel intte«d <if glass cup, and the 
needle iwint on which it works is connected by means of a wire 
with a platinum terminal sealed into the glass. At the top of 
the radiometer bulb a second terminal is sealed in. The radio- 
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meter therefore can be connected n-ith nn inducnon-coil, \ 
movable fly being made the negative pole. 

For these meclinnk-al effects the exhaustion need not be e 
high as when phosphorescence is prfxluced. The beat pressure 
Ibr thiB electrical radiometer is a little beyond that at which the 
dark space round the negative pole extends to the sides of the 
glass bulh. When the pressure is only a few millims. of metv ■ 
cury, on jiassing the induction current a halo of velvety violet | 
light forms ou the metiillic side of the vanes, the mica sido 
remaining dark. As the pressnre diminishes, a dark space is 
seen to separate the violet halo fmrn the metal. At a pressure 




ui' half a millim. this dark space extends to the glass, and rota- 
tion commences. On continuing the exhaustion the dark space 
further widens out and appeare to flatten itself against the glass, 
when the rotation becomes very rapid. 

Fig. 2U2 represents another piece of apparatus which illustrates 
the mechanical force of the radiant matter from the negative 
pole. A stem (o) carries a needle-point in which revolves n 
light mica fly (i i). The fly consists of four square vanes of 
thin clear mica, supported on light aluminium arms, and in the 
centre is a small glass cap nhich rests on the needle-poiut. The 
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vanes arc inclined at an angle oF'to^to tlie horizontal plane. 
Below- the 8y is a ring of fine plntiniim wire (rr), the ends 
of which pass through the glass at d d. An aluminium terminal 
{e) is sealed in at the lop of ihe tube, and tho whole is exhaust^^d 
to a very liigh point. 

By means of the electric lantern an imago of the vanes was 
projected on the screen. Wii-es from the induction-coil were 
attached, bo that the platinum ring was made the negative pole, 
the aluminium wire (e) being positive. Instantly, owing to the 
projection of radiant matter from the platinum ring, the vanes 
rotated with extreme velocity. Thus far the apparatus had shown 
nothing more than the previous experiments had prepared us to 
I expect; but another pheuomenon was then exhibitwl. The induc- 
I tion-eoil was disconnected altogether, and the two ends of the 
platinum wire connected with a small galvanic battery ; this made 
the ring c c red-hot, and under this influence it was seen that the 
vanes spun as fast as they did when the induction-coil was at 

Here, thi.-n, is another most important fact. Kadiant mutter 
in these high vacua is not only excited by the negative pole of 
a indoctjou-coil, but a hot wire will set it in motion with force 
tafficieot to drive round the eloping vanes. 



Radiant Maiteb is deflected b\ a Magnht. 
We now pass to another property of radiant matter. The 
\ long glass tube, shi 




has a negative pole at one end {a) and a long phosphorescent 
screen {b, e) down the centre of the tube. In front of the nega- 
tive pole is a plate of mica (*, d) with a hole [e) in it; ami 
when the current was turned on, a line of phosphoreecent light 
{«,/) was projected along the whole length of the tube. A 
powerful horse-shoe magnet was now placed beneath the tube, and 
32 
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the lii)e of light (#, g) hecame curviHl undur the magnetic infll 
flnce, waving about like a flexible waud as the magDet was moTM 
to and fro. 

This aotion of the magnet is very cui-ious, and, if careralljr 
followed up, will elucidate other properties of radiant matter. 
Fi?. i^\ represents a tube esactiy tiiiniiur, but having at one 





end a small poUsh tube, which, if heated, will slightly injure the 
vacuum. When the induction current is turned on, the raj of 
radiant mutter is seen tntcing its trajectory in a curved line along 
the screen, under the influence of the horse-shoe magnet beneath. 
Let us observe the shape of the curve. The molecules shot from 
the negative pole may be likened to a discharge of iron bullets 
from a mitrailleuse, and the magnet beneath will represent the 
earth curving the trajectory of the shot by gravitation. The 
curved trajectory of the shot is accurately traced on the luminous 
screen. Now suppose the deflecting force to remain constant, 
the enn'e traced by the projectile varies with the velocity. If 
more powder he put in the gun, the velocity will be greater 
and the trajectory flatter ; and if a denser resisting medium be 
interposed between the gun and the target, the velocity of the 
shot will be diminished, and it will move in a greater curve 
and come to the ground sooner. The velocity of lliis stream of 
radiant molecules cannot well be increased by strengthening the 
battery, but they can be made to suffer greater resistance in their 
flight from one end of the tube to the other. In the experiment 
shown, the caustic potjish Was heated with a spirit-lamp, and so a 
trace more gus was thrown in. Instantly the stream of radiant 
matter responded. Its velocity was impeded, the magnetism. 
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had longer time on which to act on the individiinl moleculi's, 
tlie trajectory became more and more ct.Tved until, instead of 
■hooting Dearly to the end of the tul>e, the " molecular hullets" 
fell U> the bottom before they had got more than bulf-wny. 

It is of ^reat interest to aaeertain whether the law governin^j 
the magnetic deflection of the trujectory of radinnt matter is 
the same as has bueti found to hold good at a lower vacuum. 
The experiments just described were made writh a very high 
vacuum. Fig. ZOo represents a tiil^e with a low vacaum. When 




the inducttoD spark is turned on, it passes as a narrow line of violet 
light joining the two poles. Underneath is a powerful electro- 
magnet. On making contact with the magnet, the line of light 
dips in the centre towards the magnet. On reversing the poles, 
the line is driven up to the top of the tube. "We notice the 
dilference between the two phenomena. Here the action is tem- 
porary. The dip takes place under the magnetic influence; 
the line of discharge then rises and pursues its path to the 
poEitive pole. In the high exhaustion, however, after the 
stream of radiant matter had dipped to the magnet, it did not 
recover itself, but continued its path in the altered direction. 

By means of the little wheel (fig. 2Utt) skilfully constructed by 
Mr. Gimingham, Mr. Crookes was able to show the magnetic 
deflection in the electric lantern. The negative pole (a, b) is in 
the form of a very shallow cup. In front of the cup is a mica 
Bcrcen {e, d), wide enough to intercept the radiant matter coming 
from the negative pole. Behind this screen is a mica wheel 
(e,J^ with a ecries of vanes, making a sort of paddle-wheel. So 
arranged, the molecular rays from the pole a i will be cut off 
from the wheel, and will not produce any movsment. A magnet 
if was now put over the tube, so as to deflect the stream over or 
ander the obstacle •; d, and the result was rapid motion in one or 
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the otlier direction, according to the way the magnet waa turned. 
The image of the apparatus wns tlirown OB the screen. The 




ppirul lines painted on the wheel showed which way it turned. 
The magnet was arranged to draw the molecular stream bo as to 
beat againet the upper vanes, and the wheel revolved rapidly oa 
if it were an over-shot water-whccI. On turning the magnet so 
as to drive the radiant mntter underneath, the wheel Blackened 
speed, stopped, and then hcgnn to rotate the.other way, like an 
under-shot water-wheel. This reversal can be repeated as oftea 
as the position of the magnet is reversed. 

We have mentioned that the molecules of the radiant matter 
discharged from the negative pole are negatively electrified. 
It is probable that their velocity is owing to the mutual 
repulsion between the similarly electrized pole and the mole- 
cules. In less high vacua, such as that shown in fig. 205, the 




discbarge passes from one pole to another, carrying an electric 
current as if it were a Hesihle wire. Now itia of great interest 
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to ascertain if the etream of mdiaut matter from the negative 
pole also carries a current. Fig-. £07 is an apparatus which de- 
g'^dea the question at once. The tube contains two negative 
mioalB (n, b) close together at one end, and one positive ter- 
1 (e] at the other. This enables two strcums of radiant 
tattur to be sent side by side along the phosphorescent screen ; 
V by discouuectiug one negative pole, only one strcum. 
I If tbe streams of radiant matter carry an electric current, they 
illact like two parallel conducting wires and attract one another; 
t if they are simply built up of negatively eleetrilie<l molecules, 
bey will repel each other. 

a upper negative pole (u) was first connected with the coil, 
1 the ny was seen shooting along the line d, f. The lower 
^tiv« pole (i) was then bi-ought into play, and another line 
) darted along the eci-een. Instantly the first line sprung up 
n its first position, d f, to rfy, showing that it was repelleil, 
d tlie lower ray was also deflected downwards : therefoTe i/ie Iteo 
viMatTeamt ofradiaaf mailer eierUd mutual repuUion, aeliiiff 
i iHe enrreHt earrUn, bul merely at timilar/y eieclrijied indies. 
Raduxt Matteii pnoDicEs Heat wnEX its Motion is 

AIlltESTED. 

I Aoother projurty of radiant matter is that the glass gets very 
tsnn where the green phosphorescence is strongest. The mole- 
bW foinis on the lube (tig. 197} is intensely hot. 
' An apparatus was exhibited hy which this heat at the focus was 
jfaade visible to the audience. 

. miall tube (lig. 2Ub) was prepared with a cup-shaped 
pitive pole. This cup projects the rays to a focus in the 
3]« of the tube. At the side of the tube is a small eleetro- 
;net, which can be set in action by touching a key, and the 
I tJien drawn to the side of the glass tube (fig. 209J. To 
r the first action of the heat the tube was coated with was. 
e apparatus was put in front of the electric lantern, and a mag- 
dimageofthe tube was thrown on the screen. (PlaleXLVI.) 
« coil was set to work, and the focus of molecular rays was pro- 
Bcted along the tube. The magnetism was turned on, and the 
ni8 drawn to the side of the glass. The fii^t thing seen was a 
■all circular patch melted in the coating of wai. The glass 
rioon began to disintegrate, cracks sfiooting starwise from the 
BOentre of heat. The glass softened, next the atmospheric pressure 
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forced it in, and then it melted, A hole {«) wus perforated in 
the middle, the air rushed in, and the experiment waa at an end. 
We can render this focal heat more evident if we allow it to 
play on a piece of metal. The bulb (fig. 210) is furnished with a 
negative pole in the form of a cup (a). The rays will therefore 
be projected to a focua on a piece of iridio- platinum (6) supported 
in the centre of the bulb. 
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Fig. SM. PiB. MW. Pig. lift. 

The induction-coil was first slightly turned on so as not to bring 
out its full power. The focus played on the met;(l, raising it to 
a white heat. By bringing a small magnet near, the focus of heat 
was deflected just as was the luminous focus in the other tube. 
By shifting the magnet the focus can be driven np and down, 
or drawn completely away from the metal, so as to leave it non- 
luminous. On withdniwiug the magnet so as to let the molecules 
have full play again, the metal became white-hot. On increas- 
ing the intensity of the spark, the iridio-platinum glowed with 
almost insupportable brilliancy, and at lust melted." 

* The liighent vauuuni Mr. Crookfa bus yet succeeded in obtaining haa 
the l-20.0(XI,OOOth of an atmo«phere, h degree which may be better a 
■tood if we My that it corresponds to about the liundredth of su inch i 
bHromttric eulumti tbree miles high. 





electrolysis. 

Description of the Fiienouenok. 

Ip a binary compound body in a liquid atata bos a current of 
electricity passed through it, it is id general decomposed into ita 
constituent elements, one of which appears at each of the poinld 
where the current enters and leaves the liquid. 

If two platinum wires be immersed in acidulated walev, and 
connected to a battery, the water will be decomposed ; and hydro- 
gen will appear at the ne^tiye pole, oxygen at the positive, and 
the Tolome of the hydrogen produced will nhvays be double that 
of the oxygen. 

IF a eolntion, say of sulphate of copper, is substituted for the 
aciduLited water, copper is deposited on the negative pole, while 
sulphuric acid ia liberated nt the positive. 

Faraday's Xouenclatuiie.* 

The process of resolving compound bodies into tbeir consti- 
tuents ia called EUctrot^sia. The bodies acted on are called JClec- 
ifoJyUi. The poles at which the decomposition takes place are 
called EUclfodes. 

The electrode attached to the zinc of the battery is called the 
cathode : and the other, the anode. 

The products of decomposition are called long ; those which go 
to the anode are called anions and those which go to the cathode 
eatioHt. 

Thus chloride of lead is an electrolyte, and when dectrolgted, 
by having the electrodet of a battery immersed in it, evolves the 
two ions, chlorine aud lead, the former being an anion, the latter 
a cation. 

• "Eip. Res.," 666. vol. i. p. 197. 
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Laws of ELEcmOLTais.* 

No elementary gubslance can be an electrolyte. 

For by definition, an elementary substance is that which can- 
not be separated into two constituents. 

FJeciTvlysit only occurs leiile the body it in the liquid »tafe. 

The free mobility of the particles is a necessary conditioa of 
electrolysis, for t.lie process can only take place in one of two 

Thu molecule next one of the electrodes is decomposed. One 
constituent of it goes to the near electrode, and the other either 
travcla to Iho other electrode or combines with a constituent uf 
the molecule next to it, setting free a portion similar and equal 
to itself; which in its turn combines with the corresponding 
portion of the molecule next to it, and so on. In either case the 
free mobility of the particles is an essential condition. 

Nevertheless, electrolysis sometimes occurs in viscous solids ; 
but only in proportion to their fluidity. 

Fused nitre is an excellent conductor in the liquid state. If, 
however, a cold platinum wire connected to a battery he dipped 
into it, electrolysis docs not commence till the crust of solid nitre, 
which is formed round the cold wire, has had time to re-melt. 

On this point Pi-ofessor Maxwellf says, — 

" Clausius.t who has bestowed much study on the theory of 
the molecular agitation of bodies, supposes that the molecules of 
all bodies are in a state of constant agitation, but that in solid 
bodies each molecule never passes beyond a certain distance from 
its original position, whereas, iu fluids, a molecule, after moving 
a certain distance from its original position, is just as likely to 
move still farther from it as to move back again. Hence the 
molecules of a fluid apparently at rest are continually changing 
their positions, and passing irregularly from one part of the fluid 
to another. In a compound fluid he supposes that not only the 
compound molecules travel about in this way, but that, in the 
collisions which occur between the compound molecules, the 
molecules of which they are composed are often separated and 
change partners, so that the same individual atom is at one time 
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• See Miller's " Chemiatrr," 4th pil. vol. i. p. 516. 
t MniweD'a " Eleftricity," 2SG, vol. i. p. 309. 
j Pogg. Ann. Bd. ci. S.'338 (1857). 
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I a u other 
time with another. 

" This process Claiieiiis supposes to go on in tlio liquid at all 
times ; but when an electro- motive force acts on the liquid, tbe 
motiotM nf the moIeculcH, which before were indifferently in all 
directions, are now inHnenced by the electro-motive force, so that 
the positively charged molecules huve a frreater tendency towards 
the cathode than towards the anode, and the negatively charged 
molecules have a greater tendency to move in the opposite diree- 
tion. Hence the molecules of the cation will, during their in- 
ter^'als of freedom, struggle towards tbe eatliode ; hut will con- 
tinually be checked in their eourse by pairing for a time with 
molecales of the union, which are also struggling through the 
crowd, but in the oppoeito direction." 

The direction of the molecules is always the aame with regard 
to the direction of the battery current. 

The following very instructive experiment for showing the 
definite direction of electrolytic force is due to the late Dr. W. A. 
Miller. He says, — 

" Let* four glasses be placed side by side as represented in fig. 
211, each divided into two compartments by a partition of card 




or three or four folds of blotting paper, and let the glasses be in 
electrical communication with each other by means of platinum 
wires which terminate in strips of platinum foil. Place in the 
glass No. 1 a solution of potassic iodide mixed with starch ; in 
No. 2, a strong solution of common salt, coloured blue with suj- 
phat« of indigo J in 3, a solution of ammonium sulphate, coloured 
blue with a neutral infusion of the red cabbage ; and in 4, a 
eulution of cupric sulphate. Let the plate H be connected with 

iU-ni. Chein.," vol. i. p. 517. 
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the positive wire, and let A complete tlie circuit throujfh th*: 
negative wire. Under tliese circumetances iodine will speedily 
be set free ia B, ond will I'orm the blue iodide of starch ; chlorine 
will show itself in D, and will bleach the blue liquid; sulphuric 
acid will be seen in F, and will redden the infusion nl' cabbage; 
sulphuric ncid will also be liberated in H, as may be seen by intro- 
ducing ji piece of blue litmus paper, which will immediately be 
reddened ; whilst a piece of turmeric paper will be turned brown 
in A, from liberated jMitash ; in C, it will also be turned brown by 
the soda set free ; in E, tbe blue infusion of cabbage will become 
green from the ammonia which is disengaged; and in G, metallic 
copper will be deposited on the platinum foil." 

For a contlani, qnav/ilg of eleclrici/y, whaterer tie deeonipoi\»g 
conductor mag be, wheiher water, saline solutions, acid»,fit$ed bodltt, 
i^C, the amount of eleciro-chemical action it a conitanl quantl/y. 
That is, the same quantity of electricity will always produce 
the same amount of chemical effect* 

Hie same current electrolyses different qnantities of difTerent 
substances, but tbe proportion of one to the other depends onlji 
on their chemical equivalents. 

Thns, if a current from a battery be sent through a series o 
tTOugbfl containing respectively, — 



Water 

Fused plumbic iodide . 
Fused bUdiious ohloride 



(H, 0). 
(Pb I.), 

(Su CU 



then for each 65 milligrammes of zinc dissolved in 
of the battery, there will be prodneed, — 

(2 X 1) =^ 2 milligrammes of hviJrogen, 
16 „ ofojijgen, 

207 „ of lend, 

(2 X 127) = 254 „ of iodine, 



(2 
kud these numbers,- 



< 35-6) = 



■1 



of L-hlorini 



i, 1, 16. 207, 127, 118, 35,5 




correspond to the chemical equivalents of the elements respec- 
tively. 

If three similar vessels A, BjC, with platinum plates, and con- 
• Fsradaj's " Eip, Ee«,," 506, vol. i. p. 146. 
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tnining acidulated water, be arranged as in lig. 212, and a batt«ry 




carrent passed through them, the sum of the quantities of gas 
prodnced in B and C will Iw exactly equal to that produced in A. 

The Voltankteb. 
Thia fact enabled Furjday to invent the VoUameler, which con- 
sists of a trough containing acidulated water, and having elec- 
trodes inserted in it. Ri-eeivers over the electrodes collect the 
gas produced. The quaHii/jf of ga» produced per min%U it an 
ahtolnU meature of the mean girength of the eurrent during that 
time ; and the total quantity of gas is a meoeure of the tntal 

r strength of the current,* 
It is necessary to collect the gaees separately, as chemically 
clean platinum has the power 




ing their recombina- 



of indui 
tion.t 

Fig. 213 shows a com- 
mon form of the instrn- 
ment. 

The tubes are previously 
filled with water and in- 
verted over the electrodes. 
As the gas riRCS it displaces 
the water. The amount of 
riB. 113. gas formed is known by 

graduations on the tubes. 
Electrolysis is of great practical importance, for nearly all the 

• For in-tancc. if C were the strength of the cairent, meiuiireii by & tanp^nt 
plrBaometer, and A, the quantity of gaa produii-d between tba times 

t, and t , we may write A = t,// C dl, where it is a conBtnnl. 
t Faraday, " E>p. Rei.." Scriei »i. vol. i. pp. 166—191. 
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operations of plating, whether with eoppefj silver, or gold, are 
performed hy making the substanee to be pkted, the uegative 
electrode iu a solution of a salt of the metal with which it !•■ 
desired to pbte it.* ■ 

Electeolytio Polahization, 1 

We have hitherto supposed the cnirents t<> be strong enough 
to decompose the liquids employed. When, however, only one 
Daniell's cell is used, decomposition does not take place; but a 
state of "polarization'" or strain is set up which Tery closely 
resembles that set up in a charged Loyden jiir. 

In fact, electrolytic polarization may be compared to the 
ordinary charging of a Leyden jar, and decomposition to the case 
where the charge of the jar is strong enough to perforate 
the glass. 

Messrs. Ayrton and Perry t have moiisured the rate of charg- 
ing of a voltameter, and the rate of the return of the charge, 
and tliey have found a very close resemblance between the 
electrolytic curves and those obtained for the charging and 
discharging of a Leyden jar. 

Tliey have also found J that both the electrolysis and the Leyden 
jar curves are precisely similar to those expressing the deflection 
of a beam by weights, and its return when the weights are 
removed, and that the same form of mathematical IdifTerential) 
equation will express all three phenomena. 

Me&surejiest of Deflectio.vs. 

The rapidly changing currents and potentials were measured 
by means of a reflecting galvanometer and electrometer whose 
light-spots were thrown on to a large rapidly revolving barrel 
covered with white paper, 

The limits of swing were noted by making rapid dots with a 
pencil at the extreme positions of the light-spot. By this means 
two curves were obtained (fig. 214, 1, 3, b, 7, and 2, 4, 6.) 
It is clear that the curve A, B, . . . E, expressing the mean 
value of the current or potential, must lie somewhere between 
these curves. 

The authors show mathematically that each point on t 

" Miller's " Cbemistrj," vol. i. pp. 641—548. 

t Jonmal of Soc of Telegraph Engineers, 187" 

I See vol i. p. 66. 
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mean cnn-e niaj be obtained by bisecting that portion of the 
ordinate nhicb lies between the extreme curveB. 



'We fee that the zigzag line I, 2, 3, 4, 5, 6, 7, is the putb of 
the spot of light. 

Method op Expebiuentino. 

Tiro platinum plates, each ten by eight centims., n'lre placed 
21 '3 centims. apart in a mixture of pure water and Bulphuric 
acid (sp. gr. of mixture l'l)16 at 50° Fahr). 

These plates could be connected by means of a key to one 
Daniell's cell, the current flowing in at any time being measured 
by a galvanometer. 

The plates were kept permanently connecti-^l to a quadrant 
electrometer by which their potentials could be measured. 

When the circuit was broken, the plates were left insulated, 
and subsequently connected by resistance coils, and a very 
delicat« reflecting galvanometer, by means of which the " return 
current" or "residual charge" was measured. 

The time of any observation was noted by means of a " break- 
circuit chronograph." This consists of a rapidly-running " Morso 
Ink-writer," in which a pen ia held down by an electro- mag ni't 
upon a rapidly-moving ribbon of paper and produces a continuous 
line as long as the current flows in the electro- magnet. At the 
commencement of each second, a clock breaks the circuit for a 
moment, producing a gap in the line. 
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At the instant o£ any event, which it is desired to record, the 
circuit is broken by hand or otheririse, and a gap made in the 
line whose position between tlie two nearest time-waps gives the 
time of the event. 

Ulsults. 

The first result obtained was that, ut the instant of making 
contiict, there is an enormously lari^G current into the voltameter, 
far greater than the experimenters were able to measure. 

In fig, 216, time is measured along OX,startingfrom 0, n-hich 
represents the moment of closing the circuit. Galvanometer^ 
and electrometer deitections are measured along OY. 

Curve AB. 

The curve expressing the fall of battery current is something j 
of the shape of that of AB (fig. S15), only that during the 
first quarter of a minute the ordinate of the curve would be 
much greater than OA. 

This is analogous to the fact that a rapid stream of sparks can 
be sent into a Leyden jar for a few seconds until it is charged, 
after which it will not receive any more, 

CcjEVE A'B'CC. I 

i'e represent electromeler deficctions. 
The line A'U' represents the 
rise of potential during forty- 
six minutes, during which the 
battery was kept connected to 
the electrometer. At the end 
of that time the battery was 
disconnected, and the plates left 
insulated, except that they were 
connected through the acidu- 
lated water. 

The fall of the potential is re- 
presented by the curve B'C. 

After sisty-six minutes mor^^ 
they were connected througl 
12,000 Ohms resistance, and the curve CC shows the fall g 
potential to the end of the exjwriment. 



le 
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Curves DE, AEFGG'. 

TVheu the voltameter was conneeted to the battery^ the current 
diminished rapidly. The fall during eleven minutes is represented 
by the curve DE. 

During the same time the potential increased from A' to E. 
At E the plates were insulated^ and £F shows the fall of potential. 
At F, twentv-two minutes from the commencement of the 
experiment^ the plates were connected through 12,594* Ohms^ 
and in S} minutes the potential fell to O. 

The plates were than again insulated^ and the potential rose 
toG'. 

The shape of the curve GG' is exactly similar to a curve 
obtained by the '' soaking out^^ of the residual charge in a Leydeu 
jar which has been discharged for a short time, and then 
insulated. 
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CHAPTER XXXIX. 



SECONDAUV BATTEKIES — HHEOSTATIC UACIlI[rE8, 

WiiEN a current is sent through a voltameter for a considerate 
time, the plates accjuire some sort of electrical polanzation, such 
that, if the battery be removed and the plates counected b/ a 
wire, a current will be observed in tbe wire in the reverse direction 
to that of the battery cum^nt. 

When tbe plates of the voltameter are made very large, it 
takes a longer time to polarize the platts, biit the reversal or 
"secondary" current is extremely powerful. The secondary 
current only lasts a short time, but its total energy is equal to 
tbe total energy which it has received from the battery in a 
long time, and, therefore, during the time which it lasts, the 
secondary current will be much stronger than tbe "primary 
or battery current. 

Advantage has been taken of this fact in the couBtrnctioiL 
of " secondary batteriea," which enable us with two or three 
cells of Grove or Bunsen to obtain, for a short time, effects equal 
to those which could only be obtained directly by the use of 
many hundred cells. 

Plasty's Researches, 

The most important researches which have been made i 
secondary batteries are those of M. Gaston Plante,* now (Peb*J 
IHSO) in course of publication. 

The form of " Secondary Element " which he uses is shown iati 

r^lM:tricit^," par Gasten Plants, (Fdris: A. Foumnit^fl 
Tom. I„ 14 Fev.. 1879. 
Tom. II., Tam:. i., 30 S«pt„ 1879. 
Tom, II., Tiuc Li., 16 Oct. 1879. 
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Plana' s Secondary Batteries. 

fij. 2)8. It consists of two iar^ slieets 
more than one square metre area, kept 
npart br narrow bonds of gutta-percha, 
and immersed in diluted sulphuric ai-iJ 
i>rtbe strength 10 to 1 .• 

Any number of these Becondary ele- 
[Dents can be connected so as to form a 
secondary battery. 

AI. Planle has also const nicted batteries 
eonsistin^ of a scries of flat lead plates, 
immersed in acid, arm n^^ed alternately liko 
the plates of n criudenser.f 

When a secondary battery, (onsistiiiij nf 
six platen, cacli 20 metre by 0-2i, and 
having an available surface of nl-oul \ ;i « 
square metre, was excited by two Itun?- .n ^ 
cells, the secondary current prcKluced wiis 
found to be strong enough to heut to 
redness wires of iron, steel, and platinum 
ooe tnillim. in diameter. 




^H " FOIIMATION " op TH£ PlaTBS. 

It was found that, when the plates had been in use some time, 
they gave better effects than when they were new. An investi- 
gation of the conditions under which their action improved led 
M. Plants J to the discovery of a method of "forming" the 
plates — that is, of causing them to aEsume the best condition for 
the production of the desired effects. 

It is found thot two or three Bunsen or Grove cells will 
produce a belter " formation " than any number of Daniell's. 

The process is as follows r — 

On the first day the secondary element is charged alternately 
in the two direelions some five or six times, and dischargeil 
between each reversal of the primary. 

It will be found that the secondary cnrreot gets strnnger after 
1 reversal. 



■ riant^.Tum. I..p. 35. 

t S*e rol. i. p. 67. 

j PInnte. T...i., I., pp. iO— 55. 




• 



Electro-Kinetics. 



The six charginga ar 
direction of the curreiii 



as follows, where " positive " means one 
"negative" the other direction. 

rivnt -t- for \ hour. _ 

;: ;::!:: d 

;: ; ;: 5 :: ^ 



After the lust charging, the secundury element is not discharged, 
but is left charged (— ) until the next day. 

The next day it is chared alternately + and — severxl 
times, eacli charging lasting £ hours, after which it is found 
that the secondary current does not increase any more. 

The element is then left at rest, charged {— ) for 8 days, when 
it is again cliarged + but not reversed again that day. Then it 
ia allowed to rest for 15 days, then for one month, two months, &c., 
and it is found that its power still goes on increasing, the 
increase being only limited by the thickness of the lead plut«s. 

The improvement appears to he caused by the penetration of 
the electrolytic action into the interior of the plates, and the 
intervale of rest are nece8.sary in order that the crystalline 
layers which are found to be formed in the metal may have 
time to harden before the reversal of the current. 

Connection in Seiues or Side by Side. 
A number of secondary elemcnta can be connected either in 
"series" or "side by side" in precisely the same way as a num- 
ber of ordinary battery cells [Vol. I., page 267), and with exactly 
eimUar results. 

Heating Epfects op the Secondary CuiiBtNTs. 
If four or five elements be connected " side by side," and then 
discharged through a short thick 
iron wire, it will be fused into 
a ball as in fig. 21'/. 

The surface of the incandescent 
ball will apjwar lo "boil," and 
will be covered with spots, as 
bubbles of gas burst through 
from the interior. 

The bulbs dev elope themselves 
very rapidly, and generally end 
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hj bursting the envelope of liquid iron which surrounds thero^ 
and flying to pieces. Sometimes, however, the wire fuses first, 
and the ball cools and is preserved. 

Magnetic Effects. 

The secondary currents are able to magnetize electro-magnets 
much more powerfully than the primary currents from which 
they are derived. 

Duration op the Secondary Currents.* 

The secondary currents last longer when the plates have been 
well " formed'' than when they are new. 

Their duration also de|)ends on the resistance through which 
they are being discharged, l>eing of course longer when the 
resistance is high. 

The discharge of one element will keep a platinum wire of one 
millim. diameter red hot for from one to ten minutes according* 
to the degree of its " formation.'* 

An element which will only keep a thick wire red hot for a few 
minutes will keep a platinum wire ^ millim. in diameter in a 
state of incandescence for a full hour. 

Constancy of the Current. 

It is found, when the resistance is considerable, that the cur- 
rent remains sensibly constant during the time which it lasts. 

Preservation of TifE Charge. 

It is found that a well-" formed'' element will give a good 
current two or three weeks after it has been charged. 

Electro-motive Force. 

It is found that the electro-motive force given by one element 
is about 1'45 to 1 50 times that of a Bunsen cell, i.e. about 2o 
volts. 

Transformation of the Current of a Voltaic Battery by 

means of a Secondary BATTERY.f 

In order to obtain currents of high potential, a number of 
secondary elements are arranged ** side by side" and charged, and 

* Plants, Tom. I., p. 66. 
t Ibid., p. 93. 
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then arc connected in series. ^Vhile the elements are Itein^ 
charged, they are arranged as m fig. 21S. 




Thec'iDnections are then altered to the arrangement of ti^. 219, 
when the differences of potential given to each element separately 




Fig. lie. 

are all added together and produce a great difference of potential 
at the ends of the battery. 

Fig. 230 represents an ingenious mechanical i ' ' 

i 



tntrivance frt 




nifiking this change of connections nipidly. A wooden roller, 
CC, can be turned by means of a handle, B. Broad strips of 
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copper (one of which is seen in front) are fixed along each side, 

and short copper rods (seen vertical) 

are fixed through the roller. For 

charging, the roller is turned as 

shown in figs. 220, 221, so that 

springs from all the negative poles ^''^' ^^' *'**'• ^• 

press on one strip, and springs from all the positive poles press 

on the other. 

To connect in series, the handle B is turned through 90°, so 
that each spring is connected by one of the copper rods to the 
one opposite to it, as seen in fiyf. 222. TT' are the discharging 
poles for heating long wires, QQ' those for heating shorter ones. 

With a large secondary battery, consisting of 800 elements, 
some very fine luminous effects were obtained. It was charged 
by two Bunsen cells for several hours, and then discharged in the 
course of a few minutes. AVith a secondary battery of 200 ele- 
ments a platinum wire -^^ to j*^- of a millim. diameter and 10 
metres long was heated to redness. 

DiscHAROE IN Vacuum Tubes. 

A secondary battery of SOO elements will illuminate a vacuum 
tube of high *' resistance ^^ for 3 J hours or more without re- 
charging. Tlie discharge was found to be beautifully stra- 
tified.* 

PLANXfe's RllEOSTATiC MaCHIN'K. — PlaTE XLVII. 

The success of his experiments with secondary batteries led 
M. Plante to construct a Rheostatic mac/tine^ lor convertinir 
voltaic electricity into electricity of high potential. 

It consists of a number of mica and tinfoil condensers, and an 
arrangement exactly similar to that of the secondary battery for 
connectincf the conductors in "side bv side'' for charmn<i:, and 
" in series" for discharge. 

As it is possible to charge and discharge these condensers very 
rapidly, the handle is rotated continuously, and a continuous 
stream of sparks is obtained. 

Plate XLVII. represents a large rheostatic machine containing 
80 condensers. The cylinder at the top is 1 metre long and 15 

• Plant^.Tom.i., p. 259. 

t Plants, Tom. i., p. 252; Tom. ii., p. 2. 
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ccntims. ill dtumeter, and the machine givea sparks of Bcentims., 
or nearly 5 inchta. 

By experiments where only portions of the machine were useJ, 
M. Plants found that the length of spark was proportional tu 
the number of condensers. 

The length of spark increases as the numher of elements in 
the charging battery is increased, and increases fu^t^ir than the 
number of elements ; but M. Plante was unyble tu determine 
the exact latv of increase. 

The rheostatic machine was charged by means of a battery of 
from 600 to 800 secondary elements, or by from 50 to 70 Bun- 
sen cells. M. Plants did not find it to be of much pratical 
use ; but it is of considerable theoretiuil interest. 

Rheostatic Machin^e fob Quantity.* 
M. Plants has also arran^d a rheostatic machine for " quan- 
tity " effects. It, like the machine just described, has its con- 
densers arrang'ed "side by side" for charging by the secondary 
battery, but by a different arrangement of the cornniiita,tor they 
are also discharged "side by side" instead of in series. 

The commutator (figs. 223, 221) is arranged to give the con- 





Fig. ni. 

denser discharge " side by side " without mixture with the direct 
discharge of the secondary battery. 

On an india-rubber cylinder are four strips of copper, each 
\ the length of the cylinder, of which two, « n and p, are seen 
in the figures. 

Six springs, BCE, B'C'E', press on the cylinder. 

The pair BB' are connected with the secondary battery, CG' 
with the charging poles of a rheostatic machine (Plate XLVII.) 
whose commutator has been previously set in the position which 
connects its condensers " aide by side." The discharge is taken 
from the springs EE'. 

• Pluntd, ii. p. 23. 
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When the commutator is id the position shown in fig. 11%, the 
batteiy is connected with the rheostatic machine and chnrgca the 
condensers. 

When it is in the position shown in fi^. 224, the battery poles 
are insulated, and the condensers are connected to the discharging' 
poles EE'. 

When the cylinder is revolved rapidly, it gives an almost 
vnntinnous series of discharges. 

This commutator, instead of being revolved separately, is 
usually adapted to the machine itself (a' b' fig. 2i5}. 



I 
I 




When it is desired to use the machine for "quantity," the 
pin K is raised, which disconnects the two cylinders and allows 
o'^ to revolve while a h remains at rest^ 

When it is desired to use the machine for " series " effects, K 
is pressed down, which connects the two cylinders and causes a b 
to revolve, and the machine to act in all respects like the machine 
previously described (page 145). Although the short cylinder a'b' 
also revolves, it does not then produce any effect. 

DlSCHAUGG OF THE "QUANTITY " MaCHINE. 

A series of brilliant sparks are obtnined, but only of a length 
of from -^ to -^ millim., much shorter than the direct discharge 
of the secondary battery. 

The spark, however, is much brighter and more violent than 
that of the direct discharge. 

The difference between the discharges of the secondary battery 
wilh and without the quantity machine is closely analogous to 
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that between tUe discharge of an induction coil nith and withont 
a Ley den jar.* 

Heating Ekfects. 
The heating effect of the rlieostatic machine la much greater 
when it is ari'uDged for quantity than when it is arranged foe 
series effects. 



MjiCHAificAL Effects. 



The meehanicul effects of the quantity niachii 
remarkeble. 

If the machine is connected to a voltameter, the passagi 
each spurk through the conducting liquid Ja accompanied by 
loud noist! resembling a small explosion. 

Nodes of Vibration in a Metallic Tmubad. 
If the current of the "quantity " machine he sent through 



ol" 

I 



ire (a b fig. ;i^6) about -^ miilim. in diameter and 




Fig. m. 

40 centime. (16 inches) long, it will be seen that a series of acute 
angles are formed at tolerably ri-gular intervals all along the wire 
as in a'i'. 

If the polos are brought nearer together so as to slacken the 
wire, fresh angli'S are formed, and the wire takes the shape «"i". 

If the length of the wire be rcduce.l to about JO centims. 
(4 inches), the current makes it white-hot, and it is twisted 
into the sharp angles a"!/'", presenting the appearai ce of a 
continnons electric spark. 

* Vol. ii. p. 53. 
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Noise. 

The discharge through the wire is accompanied by a continuous 
crackling sound, very much like that of an electric sparky but 
produced in tlie wire itself. 

FllAOILITY OP THE WiRE. 

The wire becomes very brittle durin<>' the passage of the 
discharge. If the experiment lasts more than about two minutes^ 
it breaks spontaneously. 

Conclusion. 

The following is the conclusion to which M. Plante considers 
these and other experiments (described in his book) to lead : — 

" The phenomena which we have just described are of a nature 
to throw some light upon the mode of propagation of electri- 
city. The molecular vibrations revealed by the nodes formed in 
the metal wire, by the noise observed in it, and by the notable 
change in its cohesion under the inlluence of the "dynamo- 
static ^' current, which we have just studied, ought to be produced 
in a less degree in conducting bodies traversed by electnc 
currents of less tension. These vibrations would be too small to 
be perceptible, but they are none the less real. 

" We may then conclude that the '^ electric movement ^' ought 
to propagate itself in bodies in the same manner as'' mechanical 
movement/^ properly so called, by a series of very rapid vibrations 
of the more or less elastic matter which it traverses/' * 

• I do not myself express any opinion on this conclnsion. 
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CHAPTER XL. 

magneto-electltlc akd elect ho -magnetic enoines, 
Magneto-Electhic Machines. 

The fact that electric currents are pri>duccd id a w'lre wlien it 
moves in the neighbourhood of a magnet has been utilized in 
the construction of magneto electric or dynamo-electric macbines 
in which very powerful electric currents are produced by revolving 
coils of wire between the poles of large horse-shou nmgnets. 
The motion is given either by hand or steam power. 

ThB SiEUEXS AllMATURE. FlG. 227. 

In order 1o obtain the maximum effect, it is neeessary that the" 




moving Mui'i. :.liuulJ i;i-u=d thu liuij= '..l' inuguuliL; iurce at rights 
angles, and that the poles of the magnet between which the coil 
revolves should be as close together aa possible. 

To satisfy these two conditions, Mr. Siemens has iovenl 
the " armaturB " shown in tig. 227. 

It consists of an asis which can be rapidly revolved, and 

which a coil of wire is moved longitudinally. We see that tl 

takes up but little room between the poles, and that the wii 

move to a great extent at right angles to the lines of force. 

Alteiinate Currents. 

Let A (fig. 228) represent a crosa-section of one of the wires of 
the revolving coil, and suppose it to be moving round the centre 
O in the diiedion of the arrow between the poles SN of ahon 
shoe magnet. 
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We see tliat, ns long as it ie to the right of the line EE', it 
will be crossing the lines of force in one diret;- 
tiun; and as long as it Ik to the left, it will 
I« crcssing them in the other direction," 

The current in the wire will therefore be 
reversed every half- revolution. 

Forsome piirpcsef these alternate currents i" 

lire preferable to a continuous current. ' 

When a continuous current is required, a " revolving cora- 
rriKtator" is attached to the axis of revolution of the coil and 
(.'ollectA the alternate currents, and sends them all in the same 
ilirection through the wire. 

PlUCTlCAL FoaUS OF THF Maculne. 

An immense number of -different forms of magneto-electric 

macbioes have been constructed. We shall now only describe 

one or two typical forms, referring the student for further details 

to treatises on Electric Lighting. t 

The Hand Grauue Machink.^Fki. t-l'i. 

Tlie fmall Gramme machine, shown in tig. 221), consists of a 
powerful steel magnet made up of n number of thin strips of 
steel magnetized separately and then Iwlted together. 

The "armature" consists of an iron ring round whose circum- 
ference a number of separate coils of wire arc wound so that the 
axis of each coil is tangential to the ring. Each coil is connected 
to the one opposite to it, A revolving commutat<)r collects the 
currents of those coils which are moving across the lines of force, 
and delivers them all in the same direction to the wires leading 
from the machine. 

The armature is revolved rapidly between the poles of the 
magnet by means of a multiplying wheel. 

This sized machine produces abont as much electricity as a 
pint-sized Grove cell, and gives a difference of potential depending 
on the speed at which it is worked. 

It is usually supplied with two armatures — one wound with a 
short thick wire fur "quantity" effects, the other with along thin 
one for experiments where a large diiference of [jotential is requia-d. 



• Stc Tol. i. p 
t See Du Hon 



Electriqu^" (Puri*. Hwlietle, 1879). 
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The Steam-Power Graumb Macuine, — Fio. 230. 

Fig. 230 represents a large Gramme macliine ioteuded itd. 
the production of a powerful electric light. It is driven by 
steam-power, and tlie armature revolves between the four poles 
of two very powerful tkctro-magnftH. 

The cores of these electro-magnets are of steel, and are magoifl 
tized once by a battery when the machine is constructed. ^| 

When the armature revolves, a feeble current is at first pro^ 
duced, but the connections are so arranged that, the current on 
its way from the machine passes round the coils of the electro- 
magnets and increases their magnetism. 

The magnets now act more powerfully on the revolving coil 
and cause a stronger current, which in its turn strengthens the 
magnets, and bo the power of the machine goes on increasing 
indefinitely as the speed is increased.* 

• Tbi* iirr»iigeiiipiit wns first uaecl in " Ludd'a" dynrHno-Blectiie inachine, 
bmuglit out in 18G7. It i^t. I believe, the inrentinn of Mr. Tisley, nho at 
that time was in Mr. Ladd'a (^mplnjment. See Pnn;. Rov. Sou.. 1866.'. 
vol. XV. p. *>1. 
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As tbe current gets stronger, the resistance, which we know 
by Lenz's law,* tliat it opposes to the motion of the wire gels 
greater, and so a limit to the speed is reached which depends on 
the power of the eteam-engine employed to drive the machinc-f 




Tile revolving commutator is the same as in the hand machine. 
In both fomis the direction of tlie currents reverses when the 
direction of revolution is revei-sed. 

The large machine stands about 2 feet 6 in. high. 

De Mekitens' Macuink. — Pig. 231, 
Fig, 231 represents an aiTiingement now a good deal used, 

and invented by M. de Meritens, The coils are arranged round 

the eiroumference of a Urge revolving wheel, outside which are 

tixed a number cf powerful steel magnets. 

It gives rapidly alternating currents, the current in each coil 

being reversed as it pneses from the north to the south pole of any 

one of the magnets, 

• Vol. i.p.319. 

f In actual work, there is n limit of axivantageouB vfviA for each 
■OMhine depeoding on ilie amount of nmlianical friction and atmin on tbc 
bctrinpi, &o. 




A commiitaii)]- i-:i]i !«■ ^iilarin.^i \\\n-n dir.^.t riirr<'iHs are re- 
quired. 

Electko-Maonj'tic £.s-aiHBS. 

Electric currents cun be used to drive small engines. Tbeae 
"electro-magnetic" engines, as they are e.illed, are extremely 
useful for laboratory work, for driving rapid commutators, re- 
Tolving mirrors, &c., as they can be worked at great speed, 
and started and stopped lustantlyj and, moreover, do not reijuirc 
watching when they are at work. 

The large cost of the zinc consumed in the battery ns-compared 
to the coal consumed in a gt«am-enginc of equal power prohibits 
their employment on a large scale. 

The rapid break shown in Plate XXXIII. (vol. ii. p. 43) is 
driven by a small electro- magnetic engine. 
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TLia eogiiie, nliich is made by Mr. Appsj is of particularly 
good conetructioD for higli-spised work. Two horse-Bhoe cW'tru- 
magnets are placed with their poles facing each other. One is 
li\ed and ttio other revolves round au axis which ib parallel to 
the cores, and half-way between them. The current in the fixed 
magnet has a constant direction, that in the revolving magnet 
is reversed every half-revolution. The commutatoris so arranged 
that the force between poles which are approaching each other ia 
always attractive, and that between receding poles repulsive. 
Two screws regulate the pressure of the commutator springs. 

With a little care as to the adjustment, it was found possible 
to drive this engine at a speed of 100 revolutions a second. 

The fly-wheel of the engine is j ust ttvo inches in diameter. 

REVmisiBiLiTY OF Gkahmr's Machink. 
If the current from a battery be sent through the wires of a 
Gramme machine, the armature will revolve, and the machine 
can I* employed to drive a lathe or do other mechanical work. 

Electkic Tuaksmission or Power. 

Mechanical power can be conveniently and economically trans- 
mitted, say from a water-wheel, to a factory at a distance by 
means of two magneto-electnc, or as they are called " Dynamo," 
machines, either of the Gramme form or of some other con- 
struction. 

One being driven by the water power, the electric currents 
produced are carried through wires which may possibly be a mile 
long, and cause the second machine, placed in the factory, li> 
revolve and drive lathes, and do other mechanical work.* 

•See "Tbe Electrw TranauiisBion oE Machaniciii Power." A Lecture 
deliTered ti> the wurkiiig men at Sheltleltl, during tlie British Associutlon 
Heeling iu timt town, if> lf79, by Profciior W. E. Ayrtoii. " Electriuim.," 
AagostSO, 1b7U. 
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When n sufficiently powi 




rl'ui current of electrifity is sent 
ttiroug'h two points ol' {jad carbon 
lilttc'cd in contact, they may, after 
the current has commenced, be 
sepnrated to a distance of several 
millims. without iiiterrnpting- the 
current. 

When tliia is done, a. brilliant 
light is produced at the point of 
separation. As the light continnes, 
the carbons become slightly worn 
Rwny, and therefore the di^^tance 
increases. In oi-dcr that the 
distance may not become too great 
to allow the current to pass, the 
carbons must be moved nearer 
together. Th is i s effected i n 
several ways. In most forms 
of regulator, clockwork moves 
the carbons towards each other, 
but is generally jirevented from 
acting by a break worked by 
an electro-magnet, BB' (fig. 
£33) tlirough whose coils the 
current passes. As soon as, by 
the increase of distance between 
carbons, the current is eu- 
fcebled, the electro -magnet releases 

ithe clockwork, and the carbons 
move towards each other until the 
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curreut is sufficiently etrmi^thened U> uiuse the maf^nettc break 
to agaiD come into action. 

It is found that the (+] carbon nearg away more quickly than 
the (— ) one; and therefore, in order to krep the light in the 
Buroe ])lace, it is necL-ssary that the former GhuulO Iw moved more 
than the latter. 

In the clock inBtruments this is mann^cd by making the cog- 
wheels, which gear rc<ipectively into the mck-works of the two 
carbons, of different eizea. An immense number of other regula- 
tors have been invented, descriptions of which will he found in 
treatbefl on Electric Lighting. 

The smallest battery which will produce a light at all is ben 
cells of Grove; for all lecture purposes forty or more are used. 

Powerful lights are, however, better produced by a " dynamo" 
machine. The lights shown in many of the lighthouses on the 
English coast are produced each by a " dynamo" machine driven 



by a powerful ateam-engirie. 
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When a machine giving alternating carrents is used, the ar- 
rangement for moving the carbons unequally is not required. 

In lamps such as are used in lectures, the carbon points are 
about \ in. (3 mm.) square. In the larger machines, however, 
the carbons are much larger. 

The Jablochkoff Candle. — Fig. 233. 

M. Jablochkoff has invented a '^ candle " consisting of two car- 
bon rods BB' (fig. 233) laid side by side, separated by a layer of 
kaolin or china clay. The current goes up one carbon and down 
the other, going across from one to the other at the top, where 
it forms the arc and the light. The carbons and clay burn away 
together. 

Several candles are usually ])Iaced in one lamp, and an auto- 
matic arrangement is provided (M O, mf, fig. 233) such that, 
when one candle is nearly burnt out, a spring is released and the 
current is transferred to a fresh one. 



CHAPTER XLII. 

relations between electricity and heat. 

Heating Effect of the Electric Current. 

Currents heat the wires in which they pas?. The heating* cflTect 
of a current is proportional to 

1. The resistance of the conductor ; 

i. The square of the strength of the current ; 

fi. The time daring which the current lasts. 

The total amount of mechanical work done by a current C^ in 
overcoming a resistance R, for a time f, is 

li C^t. 

The amount of heat to which this is equivalent is found, by 

dividing it by J, the mechanical equivalent of heat;* and then 

we have, when the whole current is converted into a quantity 

of heat H— 

TT -.RC«< 

Tuermo-Electricity. 

When two metals are soldered together so as to form a closed 
circuit, fig. 234-, and one of the junctions is 
heated more than the other, an electric current 
is formed in the circuit. The direction of 
the current depends on the nature of the 
metals, and under certain conditions upon 
the temperature. ^^' *^ 

The strength of the current for a given temperature and 
difference of temperature is different with different metals. The 
relation of the strength and direction of currents, in different 
pairs, obeys the following law : — 

Let there be three metals ABC, such that if A and B be 
soldered together, the current across the heated junction will be 
from A to B, and also such that, if B and C be soldereil together, 

• See Tyndall, " Heat a Mode of Motion " (Longmans), 4th ed., p. 72 
mrt.84. 
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tlie current aorosa the heated junction will lie from B to (X'l 
Then oxperiraent showE that, if A and C be soldered together, the I 
current across the heateti junction will be from A to C, and that I 
its strength will be equal to the eudib of curix'nts between A B I 
and B C.» 

Theumo-Electric Scale, 

It has been found possible to construct a Therm o-Electric 
Scale — that is, a list of metals arranged in such nn order that, if 
any two be soldered together, the current across the heated junc- 
tion will be from the metal higher in the list, to that lower; and 
that the current between any two metals is always greater than 
that between any other two, the position of both of which in 
the list is between the two first. 

The following is a Thermo- Electric Scale given by Beequerel rf" 



BiMnntli. 
PUtinnm. 



Gold. 

Silver. 



by a couple ^M 



I 



Antimony. 
Thus we see that the strougest current is obtained by a couple ' 
of bismuth and antimony, and these two metals are therefore 
used for the construction of Thermo- Electric Pilen. 

TUE THEIlUO-ELECTltIC Plt.B, 

With one [ilcce of each melal only a feeble 
current is produced. 

When a more powerful current ia re- 
quired, it is found possible to combine the 
effects of a number of separate pairs. 

Thus, if the shaded bars iu fig. 235 
represent antimony, and the plain ones 
bismuth, we shall see that, if all the junc- 
tions nu one side are heated, we shall 




• I give tliia law 
£UctriciU Statique, T. ii. p. 427. 
B«querel, but gives wo reference. 

t Ann. de Ckimie. 2iid SerieB, T. xli. 



luthoritj of M, UascarL It is stated in bit 
there eajs that it was discovered by 
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Thertno-Eli-dridty. 

obtain, in a wire joining the polpR. the Bum of al 
produced in each respectively. 

Tills is tlie Drrnngement of the f hcrmo-eleot i 
is often made of eeveral hundred eoupleB, 
»nd with a rensitive galvanometer is I'v fur 
the most delieate thermomeCer known. 

Fig. 236 represents the usual form in 
which the pile is made. A conical reflector 
can I>e placed on one end to concentrate 
lieat on the face of the pile. 

The thermo-electric currents have very 
email electro- motive force, and hence gal- 
vanometers for their measurement should 
have short thick wire. 

Ueversal of the Corhest. 

In IS^.'i, Camming discovered that, if the temperature of one 
junction of certain thermo-electric circuits was raised ahove a 
certain point, the current in them was reversed. 

In a eircait of copper and iron, if one junction he kept at the 
ordinary temperature, and the other be heated, tlie electro-motive 
force continues to increase till the hot junction lias reached a 
temperature of about 284° C. When thu temperature is raised 
still further, the electro-motive force first decreases and is finally 
reversed. 

At a certain temperature T, the two metals are neutnd to each 
other. For iron and copper, T is, as we have said, about 2X4° C. 

The reversal of the current may be obtiined more easily by 
heating the colder junction. "When the temperature of both 
juDctions is above T, the current seta from iron to copper through 
the hotter junction — that is to say, in the reverf* direction to that 
in which it flows when both are btlow T.* 

El-ECTKO-MOtn E FOIKE. 

Professor Tail has investigated the electro-niotixe force of 
thermo-electric circuits of difTerent metals, and at different 
temperatures. He finds that the electro-motive force of a 
circuit may be expressed very accurately by the formula — 

• Maxwell'g ■' Eleelricitj," 252, vol- i. p. 301. 
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E = a ((, _ U) \U 



!(', - 



',)] 



where ^i is the absolute temperature* of the hot junction, /, that 
of the cold junction ; and /„ the temperature when the two metala 
nre neutral to each other, n is a co-efEcientj depending on the 
itatui-e of the metals. t I 



Peltieh'3 Phe.n-ome.von. I 

Peltier discovered that the thermo-electric effect is " reversible " 
— that is, that when a current is sent across the junction of two 
metals, the junction is heated when the current is in one direction, 
and cooled when it is in the other. 

It must be remembered that a current always heatfi any con- 
ductor through which it passes. Tlie fact that the heating due 
to ordinary resistance is independent of the direction of the 
current, and thut the Peltier effect is not, enables us to measure 
the latter, for in one case the heating will he tliat due to resis- 
tance plus the heating effect of the Peltier, and in the other that 
due to resistance minus the cooling effect of the Peltier. The 
cooling due to the Peltier effect will then be half the difference 
of the heating effects of the currents in the two directions. 

The total heat absorbed at the junction of the two metals from 
a current C in a time t will be 

n Ci 
where IT is the eo-efficient of the Peltier effi^ct for the given metjils 
— that is, the quantity of heat absorbed at the Junction from 
unit current in unit time, for the heat absorbed is proportional 
to the strength of the current and to the time during which it 
lasts. The heat generated at the junction may then be written 



be negative beat gea9> 



for heat absorbed may he considered 
rated. 

The beating effect due to resistance is by page 169 



• For an explanation of whnt ia meunt by " absolute terapcrati 
Maiwell'a '■ Theory of Heat" I Longman b), 4t)i ed. p. 159- 
t Mninell's " Electricity." 254, vol. i, p. 305. 





The Peltier Ejffect — Pyro-EUctricity. 1 63 

The total heat generated in the compound circuit is then 

Hi = 5 C*/ - n Qt,^ 






That is, with the current in the direction which produces coolin 
in the junction, the total heating effect is less than if only the 
resistance acted. 

Let the current he reversed. We know by experiment that the 
total heating effect will now be greater than that due only to 
resistance. In the equation, this reversal of the current is 
expressed by changing the sijjn of C; that is, writing — C for C 
and we have — 

H.=:J(-C)V-n(-C)^ 

but (— C)*=C' and therefore reversing the current makes no 
change in the first term, while it changes the sign of the second, 
and we have — 

H, = 5 c*/ + n Ct. 

The total Peltier effect is then 

1 (H. - H J. 
and the unit Peltier effect for those metals is 

To determine experimentally the unit Peltier effect (11) for 
any two metals, we have then to solder them together and 
measure the quantities of heat produced by sending a known 
current for a known time, first in one direction and then in the 
other, and then to divide half the difference of the two quantities 
by the product of the current into the time. 

The quantities of heat can be measured by immersing the 
junction in a known quantity of a liquid of known specific heat 
and noting the increase of temperature. 

We observe that it is not necessary to know the resistance of 
the wires. 

Pyro-Electricity. 

It is found, when a crystal of tourmaline is heated, that its two 
ends become oppositely electrified. 

• Maxwell's *' Electricity," 249, vol. i. p. 300. 
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The phenomena of "Pyro-electricity," as it is called, Iini#> 
been etudieJ by M. Gauguin* 

M. Gau^ain has sliown that a tourmaline crystal, when heated, 
may be considered as a voltaic cell of high electro-motive force 
and high internal resistance. On connecting the ends of a crys- 
tal by a wire, a current of electricity is obtained on heating the 
crystal. 

The electro-motive force of different portions of the same 
crystal is proportional to ita length, and the curmnts produced 
vary with the mean cross-section — that is, inversely as the 
resistance. 

In 1759t Bergmann showed that the total quantities of ( + ) 
and ( — )e]ectricitie8'produced are always equal, for their algebraic 

This was proved by placing a crystal of tourmaline in hot 
wat£r in an insulated metal vesBt:! connected to an electroscope, 1 
It was found that no deflection was produced. I 

The polarity of tourmaline does not depend on the temperature 
but on the variation of it. 

If a tourmaline AB he heated, it will be found that one end, 
A, ia {+) and the other, B, is (— ). 

Let now the crystal be discharged by touching its ends witl^ ' 
the fingers. It will be no longer electrified. 

If it be now allowed to cool to its original tem()eroture, the | 
end B will become (+ ) and A will become {— ). 

• "Ann.dc Chem. et Phys.," 3' ner. t. Irii. p.B.andMascart, "ElectiidW J 

SUtiqne," t. ii. p. 497. 
t Pliil. Tram. 1T59, p. 403. 




CHAPTER XLIII. 

2UCTRIC1TT or CONTACT. 

Wu£K two diflferent metals arc in contact, there is, in general^ 
an electro-motive force acting across the junction i'roni the one 
to the other. 

For instance, if a piece of copper and a piece of zinc be 
soldered together, the zinc will be found to be positive as 
compared with the copper. Volta's theory of contact electricity 
is based on this fact. 

This electro-motive force cannot in general produce a current, 
for to form a closed circuit of the two metals, two junctions 
are necessary, and the electro-motive forces at the two junctions 
will be equal and opposite. It is found that the insertion of 
an intermediate metal docs not destroy the balance, for the 
following law holds : — 

Let A B C be any three metals* arranged in circuit 

then the junctions are A B, B C, C A, and the ckctro-motive 
forces at them may be written 

^AB. ^BC, ^CA; 
then always we shall have, if A, B, and C are at the same tem- 
perature, 

^AB + ^BC + ^CA = ^» 
or, the electro-motive force between A and B is equal and opposite 
to the sum of the electro-motive forces between B and C and 
C and A, and the same is true for any number of metals in 
circuit. It is obvious that if this were not so, the law of the 
conservation of energy would not hold ; for we could obtain a 
current without chemical or mechanical action. 

The neglect of this limitation led Volta and his followers into 

* C may be the wire of a galvanometer. 
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such absurdities, tliat Faraday was iiidiiced to deny the existence 
of contact electricity altogether. 

A lar^ portion of the second volume of his " EK|)erimGi)tal 
Researches " is devoted to proving that all cases of supposed 
electrification by contact can be shown to be due to either 
chemical or mechanical action. 

Faraday's mistake is easily explained. Tlie electrometer of his 
day (1539) bcinc^ u very untrustworthy instrument, he used a 
galvanometer, which wonld not shotv the existence of a simple 
difierence of potential, but only that constant renewing of the 
diflerence which we call current. In all these cases he rightly 
said that the effects observed could always l)e traced to some 
chemical or mechanical cause. It is now well known that, 
ihongh contact produces a difference nf potential, this difference of 
poienlial onlg producei a current when some extraneova meant are 
employed to keep \l conetanlly renewed. 

In the Voltaic battery, according to VoUa's theory, the itction 
of the liquid is to reduce the two metals to the same potential. 

The difierence of potential being at once renewed at the 
junction, a continuous current is kept up at the expense of the 
chemical action between the liquid and one of the metals. 

Professor Maxivell quotes this theory* without expressing any 
opinion about it. Sir Wm. Thomson,t however, says, " For 
nearly two years I have felt sure that the proper explanation of 
Voltaic action in the common Voltaic arrangement is very near 
Volta's .... I now think it is quite certain that two metals, 
dipped in one electrolytic liquid, will (when polarization is done 
away with) reduce two dry pieces of the same metals, when 
connected each to each by metallic arcs, io the same poten- 
tial." 

Instead of equalizing the potentials chemically, we may do it 
mechanically, as has been done by Sir Wm. Thomson. J 

A copper funnel is fixed into an insulated zinc tube, as shown 
in fig. 237. The contact between the copper and zinc produces 
a difference of potential. Copper filings placed in the funnel 

• " Electrii^ity," 247, vol. L p. aOO. 

t "Proceedings Lit. tiiid Ptiil. Soc. of Manchester," Jan. 21, 1862, and 
"P»penon Elettro-atatiiit," p. 318. 

; Proc. Eoj. Soc., 1867, toI. xvi. p. 71, aud •■ Papcra on Ekclro-statiM," 
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ftcquire the same potential us the fiinnel, anJ 
therefore their potential differs from that of the 
zinc tube. They are allowed to stream out 
through the tube without touching it. Each 
as it falls becomes negatively electrified by 
induction, and they produce a rapidly increaaicig 
negative charge on a, small insulated can, plaecd 
to catch them. Now, if the can be connected 
to earth by a wire, a current will flow through 
that wire as long as the stream of filings 
continues. In this case the diiference of 
potential is undoubtedly caused by contaet, 
but the energy required to convert this difference 
of potential into current is supplied by the work 
done by gravity on the falling filings. 

On June I5th, 187(1, Messrs. Hugo Muller* and Warren De La 
Rue communicated to the Royal Society an account of an 
apparatus where the energy required to enable the electrification 
of contact to produce a current was obtained by a piece ol 
mechanism which " brings together and separates two discs, one 
of copper and one of zinc, each six inches diamet«r, 400 times 
in a minute, and after each separation makes the zinc plate 
touch a spring attached to an insulated conductor; and, more- 
over, by means of cams, makesearth connection with either disc, 
or with both, previous to their being brought again into contact." 

They found that when the apparatus was making 3^0 breaks 
a minute, the tension of the electricity as compared to that of a 
chloride of silver cell was as 

30-88 to 1, 
that is, that when the machine was connected to the electro- 
meter, the deflection was nearly equal to that which would have 
lieen produced by 31 cells in series. 

A feeble current was obtained when the electricity was led to 
earth through a reflecting galvanometer ; it gave 35 divisions of 
the scale, or about yVij- part of that produced by J-inch bits of 
copper and zinc wire, held one in the right hand and one in the 
left between dry fingers. 

Mr. Joseph Thomson"!' states that he has found that if cakes 

• Proc Eoy. Soc.. 1876, vol. xxv. p. 268. 
t Ibid.. June 16. 1878, vol. xxi p. 168. 
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be made, each of two insulatiti"^ substances, nnd tlie electrified 
needle of an eleotroineter be suspended over tliem along their 
line of separation, it will !>e deflected, showing a difference of 
potential between tliem. 

He has found that, in the following wikes, the substnuce first 
mentioned becomes { + ), the second (— ). 

(+) (-1 



Zinc 

guipliu 



toliil pantffin. 



I 



He observet 

" The series so far, being in the same order as the frictional 
series, seems to suggest that the electrical displacement which 
takes place when two non-conductors iire put in contact, acts as 
A predisposing cause, in virtue of which the work done in rubbing 
them together is converted into electrical separation." 

Numerous otLer experiments have bt'en made, but without 
decided results up to 1S76. 

ExpsaiUKNTs OF Atrtox and PEEuy. — Plate XLVIII, 

Al the meeting of the British Association in 1H7C, Professors 
Ajrton and Perry communicated a preliminary notice of a series 
of experiments they had made lo determine whether in a 
galvanic cell — for example, a Dnniell's, Grove's, &c. — the electro- 
motive force of the cell was, or was not, equal to the algebraical 
Bum of all the dilfcrences of potential, each being measured 
separately, at the various contacts of dissimilar substances in 
the cell. A further account of the investigation appeared 
subsequently in Parts I. and II. of the "Contact Theory of 
Voltaic Action," • and the experiments were fully described, by 
which the following law was proved : — 

" The electro- motive force of contact of two metals or two elec- 
trolytes, or of a metal and an electrolyte, is in each case a constant 
for the same temperature and in the same gas ; that is to say, if 
AB means the electro- motive force of contact of the metal or elec- 
trolyte A, and the metal or electrolyte B {measured when A and B 
are not iu contact with other conducting substances), AB being 
identical with— BAj then the total clectro-raotivo force of any 
• Proo, Roy. Sot., vol. iivii., 1878, p. 196. 
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L-losed be tcrogeneouE circuit composed of tbe substances A, B, C, N 
is: 

AB + EC + &c. MN + NA." 

They go on to say: — "The pnwr of tliia law was very im- 
portant, as it was generally thought not to hold true." 

"For example, ProfeHPor F. Jenkin, 111 the edition of his 
'Electricity and Magnetism' of 1873, said, on page 44; — 
'The following series of phenomena occur when metate and 
an electrolyte are placed iu contact; — 1. When a single metal 
is placed in contact with an eltctrolyle, a definite iliHL'renee 
of potentials is produced between the liqnid and the metal. 
If zinc be plunged in water, the zinc becomes negative, the 
water positive. Copper plunged in water also becomes negative, 
but much less so than zinc. S. If two metals be plunged in 
water (as copper and zinc), the copper, the zinc, and tbe water 
forming a galvanic cell, all remain at one potential, and no charge 
of electricity is observed on any part of the system." 

Wall the substances A, B, C, &c., N are metals, then 

AB + BC + &C. + MN = AN; 

bnt if one or more of them be electrolytes, solid or liquid, then 

Prof. Ayrton and Perry's experiments show that tbe difference 

of potential between AandN when joined by B, C, &c., is equal to 

AB + BC + Ac, + MN; 
but we cannot from this sum predict the value of AN, the dif- 
ference of potentials between A and N when joined dxTtdUj, 
since the difference of potentials depend* on the path inieii iu 
going from one body to another when electrolytes arc in qneslion. 

In Messrs. Ayrton and Perry's experiments an Intlvelion methixl 
was used wbicb got rid of all the difficulties caused by the conlncl of 
the substances underexamination with tbepoles of theelcctrometcr. 

The method of measurement was as follows : — Let 3 and 4 (fig. 
238) betwoinsulated gilt-brass plates .^r^ 

connected with tbe electrodes of a ^B | ^ 

delicatequadrantelectrometer. Let I 
under 3 and 2 under 4 be tbe surfaces 
whose contact difference of potential 
13 to benieaf^ured. 3 and 4 are first 
connected together and then insu- '" 
lated, but remain connected with ' \^ ^ 

their respeotive electrometer quad- Fid.sae. 

rante. Now, 1 and 2 are made to change places with one another, 
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1 being now under 4 and 2 under 3, then the deflection of the 
electrometer needle will give a meusure of the difference of poten- 
tials between 1 and 2. And it is shown theoretically that "the 
difference of potentiala d obaervod with the electrometer will lie 
proportional to the difference of potentiala a that we desire to 
measure, provided the induction arrangement is symmetrical in both 
positions, or provided that A, B, and D be each nought, where 
A and A + a are the differences of potential of 1 and 2, B the 
common potential of 3 and 4 before reversal, und D and D + f/ 
their respective potentials after reversal. Perfect symmetry in 
the apparatus being impossible, the latter condition was always 
experimentally fulfilled." 

The actual apparatus used in 1870 somewhat improved for 
the subsequent investigation, and described by the authors in 
their paper No. III. of 1879," is shown in Plate XLVIII. 

The substances of wliich the contact difference of potential 
to be measured are carried on a table, AB. 

In Plate XLVIII. a liquid, L, and a solid plate, P, of about 380 
eq.centims. area are shown in position. The table AB is levelled 
by three screws, II, and carried on three brass wheels, W, which 
run on a circular very rigid metallic railway, R. To avoid 
lateral motion the table is kept centred by a stout iron pin M, 
turning iu a brass socket S. 

In order to rotate the lower substances, 1 and 2, it is necessary, 
if one or both of them be a liquid, first to increase the distance 
between 1, % and 3, 4 in order that 3 and 4 may not strike against 
the sides of the vessel carrying the liquid. 

This was done by raising and lowering the upper plates, 3, 4, bj^l 
means of the " parallel ruler motion" shown in Plate XLVIII. -^ 

The upper framework is lifted by the rod rr, which has a crosn- 
piece ^^, which can either be lowered through the slot »a, or by 
turning the rod rr caused to rest across it. 

The upper plates are supported by clean glass rods G, which 
are kept dry by sulphuric acid in the lead cups U. 

The whole apparatus, including the short circuit key and elec- 
trometer, was, to avoid induction from outside, enclosed !u a large 
zinc case connected with the earth, and was not opened at ail 
during one complete experiment, consisting of some ten short 
circuitings of the upper plates, reversals of the table A B, and cor- 
responding readings to the right and left of the electrometer needle. 
• Pliil. Tri.ii»., 1880, p. 15. 
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The following is a complete operation to obtain the contact 
difference of potentials^ between a metal and liquid^ for example. 
Suppose the permanent adjustments to have been made^ and the 
gilt plates 3 and 4 are quite bright. The plate P is cleaned with 
emery paper that has touched no other metal ^ and all traces of the 
emery removed by means of a clean dry cloth ; it is then placed on 
the three levelling screws /, and fixed in position by hoks slotj and 
plane.* The porcelain dish containing the liquid is laid in a 
metal one just fitting it^ and on the base of which is a hole^ slot^ 
and plane ; this is now laid on the other levelling screws /. 

The rod rr is then lowered until the disk dd rests on a brass 
plate let into the top of the wooden framework at the top of the 
instrument — that is^ until the induction plates 3 and 4 are in 
their lowest position. The levelling screws //are now raised 
until a small metal ball^ of a diameter of eight millims.^ is in 
contact at three fixed points with the plate 4 and the plate P^ or 
until, when in contact with the plate 3, it and its reflection in the 
liquid L appear to meet. To avoid any harm arising from 
possible contact of the liquid with this gauge ball, it was made of a 
material not acted on by the particular liquid under experiment. 
Before proceeding further, each pair of quadrants is in succes- 
sion put to earth, the other pair remaining insulated in order to 
test for any possible leakage from the needles to the quadrants. 
Each pair of quadrants is now charged with a battery, the other 
pair being connected with the earth, in order to test for any 
leakagne along the glass rods G, the small glass rods supporting 
the quadrants in the electrometer, or along the paraffined ebonite 
pillars of the short circuiting key. It having thus been ascer- 
tained that there is no leakage, the strip of metal which has been 
cut from the same sheet of metal as P itself, and temporarily 
attached to it by a binding screw soldered to P, is made quite 
bright with emery paper and a cloth, and its end is dipped into 
the liquid L, as shown in Plate XLVIII., fig. 4. The zinc case 
is then closed up, plates 3 and 4 connected togt^tlier, and with 
the earth, by means of a key (the handle of which was a long 

• •'Hole, slot, and plane." This is an arrangement invcuti'd by Sir 
"Wm. Thomson to allow any apparatus supported on three feet to be removed 
from a table and replaced exactly in the same position. Lft 1, 2, 3 be the 
feet ; 1 is placed in a small hole made in the table ; 2 in a short tloi whose 
direction if produced would pass through the hole ; 3 rebts on the ]plane 
anrface of the table. 
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tliin ebonite rod proje:;ting tbroogh the zinc case), and the 
electrometer readings taken. 3 and 4 are then insulated from 
one anotlier, and from t1ieeartIi,aDd raised by means of the rod r r 
projecting above through the zinc case ; the table A B \i turned 
from below by means of a handle passing through the base of the 
instrument; 3 and 4 are then lowered into exactly their former 
position, this being ensured by the parallel motion of the sup- 
porting beam and by the limiting stop, dd. The reading of the 
electrometer is now taken. Then the processes of " short circuit, 
insulate, rai^, reverse, and lower, and take a new electromet«r 
reading, &c,," are repeated. 

Some ten readings having thus been obtained, a fresh set of 
experiments is always made with the same two substances in the 
following way in order to compensate for the error introduced by 
defects in parallelism of the apparatus affecting the result obtained 
from two rigid surfaces (as those of copper and zinu), differently 
from the result found with one or with two liquid surfaces under 
examination. Instead of commencing, as before, with the liquid 
L under 3 and the plate P under 4, the experimenters start with 
the plate under 3 and the liquid under 4, and readjust, by means 
of the levelling screws I, the heights of the surruces, until their 
distance from the plates 3 and 4 is, as before, 8 millims. They 
then short circuit, insulate, raise, reverse, and lower, and take 
exactly as many readings as before ; and the mean of the two 
sets of readings, obtained with the two modes of levelling, ia 
regarded as the result of the particular experiment. 

" To test the accuracy of the statement, quoted on page 169 
from Prolessor Jenkiii's 'Electricity,' that when copper and 
zinc are both plunged into water they are all at the same 
potential, the following sets of experiments were made. The 
plates 1 and % (fig. 238) were respectively zinc and copper, and 
they were connected together by means of a liquid in a small 
beaker having no direct inductive action on the plates S and 4, 
First, however, the apparatus was ealibmted thus ;^ 

"Table VIII.— 13th April, 1S70. Plates 10 mm.apart. 
Latimer Clark's Standard Cell. 

Zero. Bcadlna. DoflacUDD. 

955'0 SyS'O 

SS4'S 1018-5 64-0 

964-S 891-8 62-7 

96S-1 1017-1 640 



1 
I 
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Mean . 631 

Asftumed to be 1*457 toUd. 
Direct reading is 365 

Therefore ratio is ^ , - 

63-4 or 5*6. 

Experiments : — 
" Zinc and copper connected by distilled water at 17° C. Zinc is 

negative to copper. 



Zero. Reading. 




Deflection, 


963 960-2 




72 


962 9170 




60 


952 9600 




80 


962 9166 




65 


961*9 961-0 




9-1 


952 9460 




7-0 


962 9610 




90 


9629 916-2 




6-7 


An interval of 15 


min 


iiles. 


963 961-0 




80 


962-8 915-1 




77 


Mean . . 7*32 oi 


•0-168 voltH. 


>pper metallically connected. 


Zinc positi^ 


Zero. Readinfir. 




Deflection. 


963*0 926.0 




27-0 


952*7 990-0 




37-3 


951-0 920-3 




307 


960*1 985- 1 




35*0 


950-0 919-6 




30-5 


950-2 984-6 




31-4 


951-0 9180 




330 


95M 9852 




341 


3Iean . . 327 


orO 


751 volttf. 



*' Zinc and copper connected by saturated pure zinc sulphate at 

17° C. Zinc negative to copper. 



Zero. 


Reading. 


Di'flection. 


9620 


9G1-5 


9-5 


961*9 


914-2 


77 


961*8 


960*0 


8-2 


961-9 


9131 


8-8 


962-0 


960-0 


80 


962*1 


941-6 


7*5 



35 
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Interval 


of lOn 


liniites 




8531 




960-0 




6-9 


9S3'2 




94S-0 




S2 


9631 




WI-2 




8-L 


933-3 




915-2 




8-1 


953-7 




961-i) 




7-3 


053-8 




i»l5 2 




8-7 


ean of first «x 




8-3 or 


01(11 TolU. 


eanof lHst»ix 




7-9 or 


O-IS'2 *olta. 



" From tliese experiments it fulloweil that tlie above 6tat«meni 1 
Rinde in text-books, and which was based on certain experimenta 
of Sir "William Thomson, is only approximately correct." 

From Professor Ayrton and Perry's experiments, and from those 
previoiisly mude by Sir William ThnmBon, they were led to con- 
elude " that, when zinc and copjtfr are immersed in water, there 
are three successive states to be noticed. At the instaut of 
immersion the zinc and copper may possibly be reduced to the 
same potential, so that the electro -motive Ibrce of the voitHic 
cell E is equal to the difference of potential ZC between zinc and 
copper in contact ; the zinc now becomes negative to the copper, 
so that £ reaches a limit wliich is greater than ZC ; lastly, if a 
current be allowed to pass by metallically connecting the zinc 
and copper, polarization occurij and the zinc becomes gradu- 
ally less negative to the copper, E diminishing, therefore, from 
its maximum value. But when a saturated solulion of zinc 
sulphate is employed instead of water, the first state, if it exists 
at all, exists for so short a time that practically zinc and copper ■ 
in zinc sulphate are never at the same putentia). Thus wheD| 
care ia taken to keep the zinc and copper in a water cell ivell 
insulated from one anotiier, E is found to increase from a value 
very little greater than ZC, the electro- motive force of contact of 
zinc and copper, to a limit, but in a zinc sulphate cell no snob 
great increase is observed." 

Subsequently the difference o£ potentials of a number of singh 
contacts of dissimilar substances were measured, as well as t 
electro- motive forces of complete and incomplete cells built a 
with the veT§ tame apeeiw^ns of the materials immediately aft 
the previous tests were made. The following i 
results obtained : — Let C, Z, and L represent the copper, z 
and liquid respectively of a simple cell let L, and L, be i 
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liquid in contact with the copper, and the liquid in contact with 
the zinc of a Daniell's cell ; let CL be the electro-motive force of 
contact of Cand L, and let CL be identical with— LC. Then : — 
I. Daniell with pure saturated copper sulphate and nearly pure 
saturated zinc suphute. 



CL, + L,L, + L,Z + ZC 
= 0-028 — 0-033 + 358 + 0750 = 1103 

II. Daniell with distilled water and pure satu- 

rated copper sulphate. 

CL, -f L'L, + L,Z + ZC 

= 0028 + 0071 + 0126 > 0-750 = 0975 

III. Daniell with very dilute zinc sulphate and 
slightly impure saturated copper sulphate. 

CL, + L,L, -f L,Z + ZC 
= + 0-0^53 + 0-177 + 750 = 0.990 

IV. Simple cell, nearly pure saturated zinc 
sulphate. 

CL + LZ + ZC 
= — 0*113 -h 0-358 + 750 = 995 

V. Simple cell, distilled water. 

CL -f LZ + ZC 
= 0074 + 0-126 + 0-750 = 0-950 



OtMienred KM P of c«!! 
measured directlj. 



1068 to 1081, 
increasing slowly. 



0-996. 



1-010. 



1-000. 



0-832 to 0-912 
increasing slowly. 



" In every case the sum of the separate contact electro-motive 
forces is so nearly equal to the observed maximum electro- 
motive force of the cell, that we have good reason for con- 
cluding that the electro-motive force of contact of any two 
substances measured inductively is constant for exadly the same 
specimens of the materials under exactly the same condition as re- 
gards temperature, the gaseous medium surrounding them, &c.,and 
is quite independent of any other substances that may be in the 
circuit.^' 

In the investigation made during 1877-78, and described in 
their third paper,* the authors have obtained the following 
results : — 

• Phil. Trans. Roy. Soc., 1880, p. 15. 
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The iiumbera without an asterisk were obtuined directly by experiment, these with an asterisk by S" ^^| 
calculation ; using the well-known assumption that in a compound circuit of inetuls all at the same ^^H 
temperature there is no electro -motive force. ^^H 

IThe numbers in a vertical column below the name of a substance are the differences of potential.in volls, ^^H 
between that aubslance and the substance in the same horisiontal row as the number, the two substances ^^H 
beinfiin contact. Thuslead !-■* positive to copper, the electro -mo five force of contact being 0-S42 voit. ^^H 
The metals were those of commerce, and therefore not chemically pure. ^^^^^H 
The authors point out that the contact difference between copper and zinc, which (hey find to be exactly ■750 ^^^^^H 
volt, is a more convenient and reliable standard of electro-motive force, when it can be used, than even ^^^^H 
a Latimer Clark's cell. ^^^^H 
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Tlie authors point out that in all these experiments two air- 
contacts enter^ and that up to the present time no direct experi- 
ment has enabled the difference of potential at each of these to 
be measured. They therefore show the importance of repeatinjj 
their qnaniilafive experiments on the electro-motive force of 
contact in other gases besides air, and especially in u very 
perfect vacuum ; and they mention that, although they made the 
working drawings of tlie apparatus necessary for this extended 
investigation at the 1>eginning of 1877, it was not until now that 
they have been enabled to commence it. 

They further add : — '* If the gas measurements such as we 
have indicated be extended to a good (yrookes' vacuum, we may 
then possibly approximate to tlie real value of A B, the contact 
difference of potentials of A with B, the value in fact that we 
should obtain by a measurement of tl)e Peltier effect. 

Results. 

" The results which have been already obtained in this present 
investigation group tliemselves under three heads : — 

" Ist. The contact difference of potentials of metals and liquids 
at the sjime temperature. 

" 2nd. The contact difference of potentials of metals and liquids 
when one of the substances is at a different temperature from the 
other in contact with it ; for example, mercury at 20° C. in 
contact with mercury at 40° C. 

" Srd. Tlie contact difference of potentials of carbon and of 
platinum with water, and with weak and strong sulphuric acid. 

"But those containcMl under head No. 1. are alone contained in 
the present paper.'' * 

• The authors hope to have the honour of Rubmitting the remainder of 
their completed experiments on a subsequent occasion to the Koval Societj. 
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CHAPTER XLIV. 

DiMEMBioNs 01- Units,* 

As a familiar illu&tratioD of dimensions let us consider a lin< 
square, and cubic yai'd. 

A linear yard is said to be of one dimension in length, 

A square yard of two dimensions because it is a (yard)*. 

A cubic yard of three dimensions becansc it is a (j-anl)". 

Thus, any length is expressed by a number multiplied by tbi 
unit of length, and this unit of length is said to be of 
dimension. 

The units of area and volume are said respectively to be of ti 
and three dioiensions. This much is obvious. 



DERivKn Units — Vklocity. 
3nsider derived units: of these 



elocity IS 



Now let 
simplest. 

The velocity with which anything moves, when moving uni- 
formly, is the distance traversed divided by the time occupied by 
the journey. Thus, a train which travelled 140 miles in four 
hours would have a velocity of -— - = 35, when the units of 
length and time were the mile and the hour. If, however, the 
units were the yard and hour, the same velocity would be ex- 
pressed by the number (35 x 1700), whereas, if the unita were 
the mile and minute, the same velocity would be expressed by 



1 



the numbi 



35 



Thus the numerical number of the same velo- 



city is greater when the unit of length is small, and, further, it 
varies inversely as the unit of length. 



* On tbis subject the Btadent 
Oonstonts," by Dr. Everett (Ma«i 



B reqaestei! to read " Unit* and PhysictI 
litlun), fi'utn which much of this chapter u 
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But the magnitude of the unit of velocity is inversely as the 
number of units which make a given velocity. Hence the unit 
of velocity varies directly as the unit of length. 

Again^ with regard to the unit of time. 

The numerical value of a given velocity is less when the unit 
of time is less^ and it varies directly as the unit of time. 

But the magnitude of the unit of velocity is inversely as the 
number of such units which express a given velocity. 

Hence the unit of velocity varies inversely as the unit of time. 
That is, the unit of velocity varies directly as the unit of length 
and inversely as the unit of time. 

This is expressed by saying that velocity is of one dimension 
in length and minus one ( — 1) in time.* 

Kepler's law of planetary motion discusses the area swept out 
in a given time by the straight line (called the radiua vector) 
joining the sun and a moving planet. The area swept out in 
a unit of time may be called the area- velocity of the radius 
vector 

By exactly similar reasoning to that on the last page we shall 
see that the unit ot area velocity is directly as the unit of area and 
inversely as the unit of time. 

Hence its dimensions are one in area and minus one in time. 

But the unit of area is the unit of length squared, that is, area 
is of two dimensions in length. 

Hence the unit of area- velocity is of two dimensions in length 
and minus one in time. 

Maxwell's Notation. 

It is customary to write units in square brackets. 

Thus, a length L may be written 

L[L] 

where L is a number and [L] the unit of length. 

On this plan, then, we may write 

[Length] = [L] 
[Area] = [L«] 

[Volume] = [L^ 
[Velocity] -=. Tl T* J sometimes written •- I 

[Area Velocity] = [l? t'*] or T -J 



See Todhunter's ** Algebra ;" Theory of Indices, p. 147. Ai t. 258. 
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Unit of Fodce. 

WliL'iia body is in uniform motion, Newton's second law* telb 
MB that force is required to change the motion, and that the 
change of motion is proportional to the impressed force. 

Change of motion means change of velocity, and this includes 
change of direction j for to change the direction of motion of a 
1>ody a velocity must be given to it in a direction inclined to its 
first direction. 

Suppose a body to be moving northward with a given velocity, 
then, to cause it to move in a north-easterly direction with the 
eamc velocity, we must add a veloL'ity whose direction is between 
north-east and south. 

Thus we have a natural method of measuring forces when ive 
assert that a unit force is that which, acting on a body of unit 
mass, can produce a change of velocity equal to unity in a unit 
of time. 

For instance, the velocity of a falling body continually in- 
creases because the force of gravitation is accelerating it. The 
number of centims, per second by which the velocity increases is 
the measure of the force with which gravitation acta on each 
gramme of the body. 

Now, if the unit of velocity is great, a greater force will be 
equal to unity, as it will have to make a greater change of velo- 
city in a given time ; therefore the unit of force varies directly 
as the unit of velocity. 

If the uuit of time is great, the unit of force will he small, as 
a less force will be required to produce a given change in a long 
time than in a short one. Hence the unit of force is inversely as 
the unit of time, and directly as the unit of velocity. 

Again, if the unit of mass is great, the unit of force will be 
great, for more force is required to produce a. given change of 
velocity in a given time on a great mass than on a small od« : 
hence the unit of force varies dii'ectly as the unit of mass. 

We have then — unit of force varies directly as units of veloJ 
and mass, and inversely as unit of time ; or if we write 

[Fj m [M] 

for units respectively of force, velocity, and mass, we have 

* Lei II. — Mutationem motuB proportion b1 em esao vi motrjc'i impra 
Fl fieri BCcuadum linnun rcctam qUH via ilia iniprimilur. 
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[F] = [m V T**] or ["T"]- 

Sat the unit of velocity also contains the unit of time once in- 
versely, for 

Therefore, on substituting its value for [V], we shall have 

[F] = [iM L T ' T*] = [m L T*] 
or 



im 



Ratio of Units. 

It is obvious that the dimensions of different units bear certain 
ratios to each other ; sometimes these ratios have an obvious 
physical meaning, sometimes not. For instance, the ratio of 
volume to area is 




the meaning of which is clear enough. 
The ratio of force to velocity is 

fML" 



rp^- 



which has no obvious meaning. 



=m 



The Two Sets ok Electric Units. 

Now we know that there are two svstems of moasurino: electric 
effects, the electro-static and the electro-magnetic. If we in 
each case set to work to derive the units by which the effects are 
to be measured from the fundamental units of time, length, and 
mass, we shall arrive at two different systems. 

We propose to do this, and, having compared the two systems, 
Bee what physical meaning we can give to their ratio. 

Electro-static Unit of Quantity. 

In the electro-static system the unit quantity of electricity is 
that quantity which, if collected at a point, will repel another equal 
quantity at a unit distance with a unit of force. In the CG. S. 
system a unit of electricity is that quantity which would repel 
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an ei^ual quantity at a distaoce of one centim. witt 8 force of 
one dyne." 

The force between two quantitiea of electrieity, each equal t? 
o lit a distance / from one another, would be 



The unit of electriiial force may then be written 

m 

But in order that this may agree with the mechanical unit; 
where unit of force is 



"m 



[a=[¥] 



d 



which gives us for the dimensions of unit electrical quantity in 
the electro-static system, 

[Q)=[y«d] = [MiLlT']. 

Electko-static Unit of Cuiiebnt. 

The numerical value of a current in electro-static units is on 
the C.G. S, system defined to be the quantity of electricity which 
passes in a unit of time. Hence the dimenaionsof a current are, 
in electro- static measure, 

[3]=[MiEiT-]. 

Electeo-machetic Unit of Cueiient. 

On the electro-mBgnetie Bystem, a current flowing along a 
circular arc is measured by the " intensity of magnetic 6eid" 
which it produces at the centre of the arc. 

* A djDe is that furce wliiok, acting on m unit rX mau, wdbM chan^ iu 
Telocity 1 ccntim. per fcciiiid iu one sucund. Grarity = about 961 djrncs 
per (cramme; weight of a t:ramme = 981 dynrs; Ibrce of gmvity on « 
gTBmiuB = 981 dyuei. 
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Intensity of Nf agnistic Field. 

The intensity of magnetic field is equal to C^ the strength of 
the current^ multiplied by length of are^ divided by square of 
radius. 

Therefore^ if [I] be the unit of intensity of magnetic field, we 
shall have 



m=[^] 



or 



[C] = [I L]. 

The unit magnetic pole is that which repels a similar unit 
pole at unit distance with a unit of force. In the C.6.S. 
system it is one which repels a similar pole distant 1 centim. 
with a force of 1 dyne. The force between two poles of strengths 
Pj and P, is equal to their product divided by the square of 
their distance from one another. 

Hence we have for the equation of units 



Ll J L P J 



or 



[P] = [m* l' t ']. 

The intensity of a magnetic field is the force which a unit 
pole will experience when placed within it. Denoting this 
intensity by I, the force on any pole will be I P. 

Hence 

[I !»] = K-^]- 

Dividing both sides of the equation by [P] we have 



[1] = 



T« 



m*l' 



T 



T 



n 



Li 



= [m*t"l-*] = [m4l-4t"]. 



CUBUENT. 



Betuming to our current equation 

[C] = [I L] 
we have 

[C] = [m* l l-» t'] = [m* l* t ']• 
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Electro-maqnetic "Unit op Quantity. 

Now in the electro-magnetic system the quantity of electricity 
conveyed by a current is equal to the strength of the current 
multiplied by the time which it lasts. 

The unit of electrical quantity on the electro-magnetic system 
then is 

[Q] = [c T] = [m* l* r* t] = [m* l*]. 

Ratio of Two Units of Quantity. 

Postponing for a while the discussion of the dimensions of 
other electrical quantities, we will consider the ratio of the two 
units of electrical quantity. 

We have 

Dimensions of electrical quantity 

On the electro-static sj-stem 

[mU't-]. 

On the ekctro-magnelic system 

[m»l*]. 

Ratio of 

Dim, in E S. _ r i-. TL"! 

Dim. in E. M. "" L I' T J or \j^\ 

Thus the ratio of the dimensions of the two units of quantity 
is a relocifi/. 

It will be shown in the next chapter/ that this velocity has a 
real existence, and the physical meaning of it will there be 
explained. 

We will now briefly give the dimensions of other electrical 
quantities. 

Electro-static Unit of Potential. 

The dimensions of work are force multiplied by distance 
through which it acts 
Hence 

[W] = [m l t' l] = [m l t']. 

The work done in raising the potenti.nl of a quantity of elec- 
tricity Q through a difference of potential V is 

QV^ 

♦ Vol. ii. pp. 192, 200. 
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Hence we have 

Electro- STATIC Unit of Capacity. 

The capacity of a conductor is the quotient of the quantity 
of electricity with which it is charged hy the potential which 
this charge produces in it. 

Hence we have 

Electro- STATIC Unit op Resistance. 

The resistance of a conductor is equal to the time required for 
the passage of unit quantity of electricity through it when unit 
diflerence of potential is maintained at its ends. 

It therefore varies directly as the time^ also directly as the 
difference of potential ; for if we increase the difference of poten- 
tial^ we must increase the resistance if we wish to keep the time 
the same. 

It varies inversely as the quantity, for if a greater quantity 
is to pass in a given time, the resistance must be less. 

Hence 

or 

viz. reciprocal of a velocity. 

Electro-magnetic Units op Electro-motive Force and 

Potential. 

The work done in urging a quantity q of electricity through 
a circuit by an electro-motive force £ is E q. And the work 
done in urging a quantity q through a conductor by means of a 
difference of potential E is also E q. Hence the dimensions of 
electro-motive force and also the dimensions of potential are 



[E]=f^^^'T'%[M*L?T"]. 
(^ L*M*J 



Cum pare vol. i. p. 67. 
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Electeo-magnetio Unit op Capacity. 

Capacity is the quotient of quantity of electricity by potential. 
Its dimensions therefore are 



y^-""'' 



] 



Electro-magnetic Unit op Resistance. 
Resistance equals 



£ 
C 



therefore 



[K] 



|jM«LiTj 



[lt']- 



That is^ as we saw in discussing the B A unit in vol. i., page 
280, electro- magnetic resistance is a velocity. 

SUMKARY. 

The following t^ible summarizes the results we have just 
obtained : — 





Dimens. in E. S. 


Dimeni. in E. M. 


p_*i_ Dim. in E. 8. 


Dim.iuE.MJ 


Qiumtity . 


M* l' t"' 


M*L» 


lt' 

1 
1 


Current . 


1 a -a 

M* L' T 


M* L* t' 


lt' 

1 


Ciipacitv . 

1 


L 


l't' 


l't' 


Potential and P^lectro- 
nu)tive Force 


M* L* t' 


M* l' T ' 


l't 


Resistance 


i/t 


lt' 


l't' 



Ratio of the Two Sets op Electric Units. 

The following explanation of the ratios between the two sets 
of electric units is due to Professor Everett :* — 

• " Units and Physical Constants,'* p. 132. 
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We know that in the C.6.S. sys- 
tem^ 

The unit of length = 1 oentiin. 
The unit of ipass = 1 gramme. 
The unit of time = 1 second. 



Let OS consider some other general 
system in which 

The unit of length = L centims. 
The unit of mass =: M grammes. 
The unit of time = T seconds. 



Then the new electro-static unit of quantity will equal 
M^ L' T C.G.S. electro-static units of quantity. 
And the new electro-magnetic unit of quantity will equal 

M' L' C.G.S. electro-magnetic units of quantity. 

Now it is possible so to select L and T that the new electro- 
static unit of quantity is equal to the new electro -magnetic unit. 

In order to determine what the values of L and T must be to 
satisfy this condition, we have, substituting the values of the 
new units in C.G.S. units, the equation 

f M* l' T C.G.S. electro-static > «, f M* L* C.G.S. electro-magnetic 7 
V units of quantity. ^ ^ units of quantity. ^ 

Dividing out by M^ L* we have 

L T C.G.S. electro-static units of quantity = 1 C.G.S. electro-magnetic 

unit of quantity. 

or the ratio of the C.G.S. electro-magnetic unit of quantity to 
the C.G.S. electro-static unit is -^, 

We see that ^ is clearly the value in centims. per second of 

that velocity which would be denoted by unity in our '' new '* 
system. This is a definite concrete velocity^ and its numerical 
value will always be equal to the ratio of the electro- magnetic to 
the electro-static unit of quantity, whatever units of length, mass, 
and time are employed. 

It will be observed that the ratio of the two units of quantity 
is the inverse ratio of their dimensions, and the same can be proved 
in the same way of the other four electrical elements. 

The last column of the table on page 183 shows that M does 
not enter into any of the ratios, and that L and T always enter 
with equal and opposite indices, that is that all the ratios depend 

only on the velocity ^r-^. 
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Thus if the concrete velocity 7^ be a velocity of v centims. per 

second^ there will be the following relations between the C.6.S. 
units. 

1 electro-ma j^etic unit of quantity = o electro-static unita, 
1 „ „ current = » „ „ 

1 „ „ capacity = »« „ „ 

V electro-magnetic units of potential =: 1 electro-statio unit. 
f* ,1 „ resistance =1 m w 
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CHAPTER XLV. 

IXPBRIlfBNTAL COMPARISON OP ELECTRO-STATIC AND ELECTRO- 

MAONETIC UNITS. 

VTb have shown that electro-static and electro-magnetic pheno- 
xiiena are measured hy two different sets of units^or rather that two 
distinct systems of units have grown up— one based on an electro- 
static, and the other on an electro- magnetic unit of quantity; 
^jut either may be used in the measurements of any phenomena, 
^^e have also seen that the relation of the electro-magnetic unit 
of quantity to the electro-static is the relation of a length to a 
"t^ime — in other words, it is a velocity. 

By a purely mathematical process of reasoning,* which it 
is impossible to put into a non-mathematical form. Professor 
3faxwell has shown that this velocity is the velocity with which 
electro-magnetic disturbance is propagated through space — that 
is, if a sudden difference of magnetic potential be caused at any 
point, the disturbance due to it will be felt at any other point 
after an interval which, on being compared with the distance 
between the points, shows the disturbance to have been propa- 
gated with this velocity. This velocity has never been measured 
directly, as, even at a distance of 100 yards, the disturbance 
caused by any change of potential which we can produce would 
be quite insensible, and the velocity, which, as we shall presently 
show, is about the same as that of light, is so great that the 
time required for the disturbance to pass over a short interval is 
extremely small. It is, however, possible that, if necessary, 
some method of direct measurement might be devised ; but the 
indirect method of comparison of units is as certainly a measure 
of the velocity of the disturbance, and is capable of far greater 
accuracy than is ever likely to be obtained by the direct method. 

• aerk Maxwell, •• Electricity," Articles 783-786. vol. ii., pp. 384—387. 
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The following physical proof that tlie ratio of the units is a 
velocity is given by Professor Maxwell : — 

Let there be two pai'allel currents — tiie attraction experienced 
by a length a of one of them is — 

P = 2 CC ^, 

where C,Q.' are the numerical values of the currenta in electro- 
maguetic measure, and h is the distance between them. If we 
GO choose the length a that we are considering thut ^ :^ ^ i we 
shall have — 

F = CC. 

Let us put » for the number of electro-static units in one 
electro-magnetic unit, we have to show that n is a velocity. 

The quantity of electricity transmitted by a current C in a 
time t is we know equal to C^ in electro -magnetic measure, and 
therefore to «C^ in electro -static measure, because » ia the 
number of electro -static units in one electro- magnetic unit. 

We know that the repulsion F* between two statically-charged 
bodies at a distance apart r and having charges q and / is 

Let two small conductors be charged with quantities q y" equal 
to the quantities transmitted in time / by the currents CC re- 
spectively, then their charges in electro-slatic measure will be — 

2 = n C ;, a" = n C (, _ 

and the electro-static repulsion F' between them will be — ^| 

P' = « C f ■ « C t _ CC'n't - ^ 



Let the distance t be varied until this repulsion equals the 
electro -magnetic attraction F, we have F=r' 



Dividing out by C C i 



J 
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that is 

or 

i 

—that is It, the namber of electro-static units in one electro- 
magnetic unit, equals a length (r) divided by a time (/) — that is, 
eqnaU a velocity. 

The absolute magnitude of this velocity is the same whatever 
units we adopt. 

Theory or the Experiments. 

We now come to the experimental methods of determining the 
i*atio of the units. 

The general principle of them all is to measure the same thing 
^:>oth electro-statically and electro- magnetically. Different num- 
Vjcrs are obtained in the two eases. But when the same thing is 
'^measured by two different sets of unils^ the ratio of the numbers 
^=>btained in the two cases is the inverse ratio of the units used. 

For instance, suppose we did not know the ratio of a foot to a 
3'ard, but were able to measure any distance both in feet and in 
JS'ards. 

To determine the ratio of the units we should take an arbitrary 
distance and measure it— first using the yard for the unit and 
^hen the foot. 

Suppose we found that the number obtained in the first ease 
was 60, and in the second 180, we then have, ratio of number 
obtained with yard unit to number obtained with loot unit equals 
60 to 180, or 1 to 3. Therefore the ratio of the yard to the foot 
is the inverse of this ratio, or 3 to 1 . 

Similarly, in the electrical case, we measure the same quantity 
of electricity first in electro-static units and then in electro- 
magnetic units. 

The ratio of the numbers obtained is the inverse ratio of the 
electro-static to the electro- magnetic unit of quantity. 

Experimental Methods of Determining the Ratio between 
Electro- STATIC and Electro-magnetic Units. 

The first numerical determination of this velocity was made by 
Weber and Kohlrausch.* 

• Pogg. xcix., Augnit 10, 1856, and Maxwell, 771, vol. ii. p. 370. 
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The follawiiig' account of Uiese experiments is given W Pro- 
fessor Maxwell ; — 

" Their method was founded on the measurement of the e 
quantity of electricity — first in electro -static and then in electro- ' 
mag'netic measure. 

" The quantity of electricity measured was the charge of a 
Leyden jar. It was measured in electro-static measure by the 
product of the capacity of the jar into the difference of potential 
of its coatings. 

" The capacity of a sphere is expressed iu electro -static measure. 
hy its radius. Thus the capacity of the jar may be found and 
expressed as a certain length* 

" The difference of the potentials of the coatings of the jar was 
measured by connecting the coatings with the electrodes of an 
electrometer whose constants had been carefully determined, so 
that the difference of the potentials was known in electro-statie 
measure. By multiplying this hy the capacity of the jar the 
charge of the jar was espressed in electro- static measure." 

To determine the value of the charge in electro-magnetic 
measure the jar was discharged through the coil of a galvano- 
meter. The total current could then be calculated from the limit 
of the first swing of the needle. 

This comparison gave for the ratio of the units, which \a ' 
commonly called v, 

u = 31074 X 10" centdms. per aiiioini. 

Professor Maxwell has pointed out that the phenomenon knowD ' 
as " Electric Absorption," which, at the date of these experi- 
ments, was not well understood, makes it almost impossible to 
estimate correctly the charge of a jar unless the experiments are 
performed instantaneously. He shows that the effect of neglect- 
ing absorption would be to make the value of deduced by this 
method too high. 

Silt Wm. Tuomson's Comparison. — Plate XLIX. 

Sir Wm. Tliomson has determined r, the ratio of the units, by 
measuring the same eloctro-motjve force in hoth sets o£ units. 

Electro- motive force is measured in electro- static units directly 
hy means of an electrometer. 

• See vol. ii. p. 187. 
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Experimental Comparison of Units — Thomson. 195 
By Ohm's law we know that 

E = Cr, 

and C and r can be measured in electro- magnetic measare. 

For suppose that E eqoals A electro-static units^ and that the 
current C which it can produce through a resistance r is such 
that Cr = B eIectro*magnetic unite ; then^ if we measure A and 
S^ we shall have 

_ =2 V, the ratio required, 

for 1 electro-static unit of potential equals v electro-magnetic 
units. 

In Sir Wm. Thomson^s experiments the difference of potential 
'vras measured (statically) by electrometers^ and the. current, 
tihrough a known resistance^ by the deflection of the suspended 
coil of an electro-dynamometer.* 

Plate XLIX. shows the arrangements.f 
But little explanation is required. The dynamometer has been 
already described, as have the various electrometers. The chief 
circuit is that of the resistance coils^ battery, and dynamometer, 
with branches to the absolute electrometer. The gauge, Leyden 
battery, and replenisher, are the usual appendages of the 
electrometer. 

The quadrant electrometer was used solely as a convenient 
method of determining the resistance of the dynamometer coils 
while the experiments were g^ing on ; and thus eliminating 
changes of resistance due to changes of temperature produced by 
the current. It was used by connecting its terminals alternately 
at each side of the resistance coil, whose resistance was known, 
and of the dynamometer coils. 

We can deduce, from vol. i., p. 300, that in any circuit the 
resistance between any two points is simply proportional to the 
difference of potential at those points. Hence the resistance of 
the dynamometer is to that of the coils as the difference of the 
potentials on each side of it to the corresponding difference at 
each side of the resistance coils. 

The battery used was sixty sawdust Danieirs in series. 
The value of the ratio given by Sir William Thomson in 1869, 
as determined by this method, is as follows : — " Eleven sets of 

• Vol ii. p. 3. 

t " Beports on Electrical Standards," p. 186. 
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experimeots made at vnrious elates from March lOtli to May 8th, 
1868, have indicated values for the ratio which is called », ol 
which tlie greatest was 2-92 x 10", the enuillcst 2-754 X 10" 
and the mean 2825 x 10'" centimetres per second." 

Sir William Thomson, at the end of Uia paper, expressed his 
intention of carrying his experiments to a much greater di 
of accuracy. 



McKiCHAN's ExPEniMENTS. 



legY^ 



Tliia intention waa carried out by Mr. Dugald McKichan, 
who, working in Sir William Thomson's laboratory, made, in 
1870-72, a series of measurements of which the results were 
communicated \a the Rciyal Society on April 1.5, 1873, and will 
be found in the Piiilosopiiical Transactions for that year.* 

The experiments only differed in detail from those already 
described. 

The final scries of values of v determined o 
were aa fullows : — 



II February 21, 1872. 




2-931 ,. 

2-923 „ 

2936 „ 

2-035 „ 

Tlie mean value adopted by Mr. McKichan is 

2-93 X 10" 

Clkbk Maxwell's Direct Coiep.vrisow. 

Professor Clerk Maxwell has comjinred the two units of 

electro-motive force by balancing tho attraction between two 
oppositely- charged dises against the repulsion between two cur- 
rents carried in two flat spirals of known resist^ince, the ratio 
between the electro -motive forces used in charging the discs and 
in sending the currents through the spirals being known, and tl 
electro- motive forces being measured electro-statically, 
Plate L. shows the arrangements. 

" Phil. Trans., 1873. p. 409. Tlio matliemBtical theory of tho experimi 
it Terjf fully gWen in this paper. 
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EZPLAITATION OF PlaTI L. 



A Suspended disc and coil. 

A Coanterpoise „ ,, 

C Fixed „ „ 

Bx Great Battery. 

B, Small Batter/. 

6i Primaiy coil of Galvanometer. 

Oa Seoondarj n n 

R Great BMistance. 

8 Shant 

£ DooUakey. 



C Electrode of fixed disc. 
X Curren through R. 

x— y „ „ s. 

Jf „ M the 3 coils 

and Gfl. 
M Mercury cup. 
T Torsion head and tangent 

screw. 
g Graduated glass scale. 



G and S 10 ft. from Electric halanee. 

One diio and spiral were fixed^ and the others were attached 
tmefher to the same end of the arm of a torsion balance. 

To the other end of the arm was fixed an exactly similar coil, 
through which the same current travelled in the opposite direc- 
tion to that in which it passed throuc^h the first suspended coil. 
Hm eflbet of the extra coil was to neutralize the action of terres- 
trial magnetism on the arm of the torsion balance. The small 
■Bape n ded disc was surrounded by a guard-rin<^ similar to that 
vobd hj Sir William Thomson in his absolute electrometers. 
This inanred that the electrical action on the small disc should 
ha aqnal to that due to a uniform distribution over its front 
amfiMO. The suspended disc was four inches diameter^ and was 
kept at the same potential as the case of the instrument. 

, Tlie fixed disc was 6 inches diameter, and could be moved nearer 
to, or farther from, the guard-ring by means of a micrometer screw. 
It waa insulated and maintained at a high potential during the 
experiments. When the suspended disc was in its ])osition of 
eqnilibrium, its plane corresponded with that of the guard-ring. 

The coils were fixed at the backs of the fixed and suspended 
discs respectively j special means were taken to insulate the one 
placed in contact with the disc which was intended to be charged 
to a high potential. 

The electro-static charge was given by connecting the discs to 
the terminals of a great battery of 2600 cells charged with corro- 
sive sublimate. The difference of potential at its ends was mea- 
sured by observing, by means of a galvanometer, the current 
which it could send through a known very large resistance. 
The currents through the coils were produced by a smaller bat- 
tery, and measured in the ordinary way by a galvanometer. 
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Thiis we have two plectro -motive forces whose ratio is koowii i 
— one aetin» el eetio -statically, the otiier electro- magnetically. | 
Tlieir strength being adjueted until the attraction of the discs 
equals the repulsion of the coils — that is, until the suspended 
arm of the torsion balance is in equilibrium ; and proper correc- 
tions having been made for the diSerent distances apart of the 
discs and the coils, we have at once all the elements for a com- 
parison of the electro-static and electro- magnetic action of the 
same battery. That is, the results of Professor Maxwell's ex- 
periments give a direct value of the relation between electro- 
static and electro-magnetic units of electro-motive force. 

The following are a series of values of p given by Professor I 
Maxwell : — 

2'8591 X lOi" 

2-8430 „ 

2-8886 „ 

2-8686 „ 



2-8860 
2-8762 
2-8796 
28736 
28762 
2-8706 
2-9471 




n value of o 



2 8798 X 10" 



288,000,000 metres per wound. 
179,000 alatute miles per seoood. 
The "probable error" is about one-sixth per cent. 

AtBTON and PbKE-Y'S DfintEUlKlTIOH.* 

At the Dublin meeting of the British Association in 1S7^ 
Professor "W. E, Ayrton gave an account of a determination of c, 
which had been recently made in Japan by Professor Ptrry and 
himself. 

The plan adopted by them was to measure the capacity of on 
air-condenser, each plate of which was ld23'Hsquare ccntimetn» 
in area, both electro-statically and electro- magnetically. 

• Report. Brit. Abhoo., Dublin. 1878. p. 487 ; or Pliil Mag., 1879, i. p. 277. j 
and Jour. Soc. Tel. Engineers, May, 1879. 
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The electro-static capacity was ascertained by linear measure- 
ment of the condenser, while the electro-magnetic capacity was 
determined by noting the first swing on discharging the con- 
denser through a special form of Baluiic galvanometer devised 
by them for the purpose with forty magnets in two spherical 
masses so as to have great sensibility and exceedingly little air- 
damping (see vol. i. page 240).* 

The source of electricity was 382 new DanielFs cells. To 
determine the relation of battery and galvanometer constants, a 
known fraction of the current was sent through the galvanometer 
directly, by which means, from the limit of the swing obtained 
on discharging the condenser through the galvanometer, its capa- 
oity in electro-magnetic measure could be determined indepen- 
dently of the absolute strength of the magnetic field in the 
laboratory. 

The required velocity v was the inverse ratio of the square roots 

of the two determinations of capacity,t and Messrs. Ayrton and 

IPerry claim that their method has the advantage that the formula 

lor reduction of the observations involves only the square root of a 

xesistance, so that if any unknown error existed in the resistance 

coils, only the square root of that error would be introduced into the 

Tesult, whereas, in the methods previously described, the error in v 

is directly pn)portional to that in the coils ; and also that only one 

accurate electrical measuring instrument — a balistic galvanometer 

— is employed, whereas the other methods required two, such as 

an absolute electrometer combined with a galvanometer, &c. 

The following results were obtained on three different days : — 

1878. « 

June 18 2-P74 x 10" 

June 23 2 995 x 10'» 

June 25 2 972 x 10*^ 

Mean of 98 discharges of the air condenser . 2*980 x lO"* 

Hockin's Experiments. 

On August 26. 1S79, Mr. Charles Hockin read before the 
British Association a " Note on the Capacity of a certain Con- 
denser and on the Value of v"X 

The method used for the determination of v was identical with 
that of Messrs. Ayrton and Perry. 

* The periodic time of swing was equal to about 42 seconds. 

f For one electro-magnetic unit of capacity equals t;^ electro-static units. 

1 Report, Brit Assoc., Sheffield, 1879, p. 285. 
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Physical Natcke of p. 

To obtain a plij'sical conception of this velocity, let us consider 
a fact whitt was predicted from theory by ProfesBor Maxwell,* 
and afterwards verified experimentally by Professor Rowland.f 

Professor Maxwell predicted that if a statically-charged body 
could be moved with the velocity of an electric current, it would 
act in all respects as an electric current carrying the eame quan- 
tity of electricity per second. 

Prom this it fbllowa that if tvvo eimilarly-cbarged bodies be 
placed near together, and moved rapidly along two parallel 
linesj in the same direction and with the same velocity, that 
at s certain velocity their electro -magnetic attraction would 
exactly balance their electro -static repulsion, and that there 
would be no Ibrce between them. 

But the electro -static force depends (for a given distance) 
only on the number oF electro -static unite of quantity with which 
the bodies are charged. 

Tlie electro- magnetic force depends on the number of stAti^ 
units of quantity multiplied by the velocity of motion. 

Let us call 

ElMtro-Btatio forca 3T 

Etectro-nmgnetic force M P 
Velocity of Motion T 



We have 



Atie 

I 



ST = QQ' .... (1) 
5rT = QQ'V ... (2) 
But when S F is equal to M P, the ratio of the numbers express — 
ing the two quantities is inversely as the ratio of their units. { 
Hence 

nT = e^ . . (3) 
and we may write 

^ = QQ' (1) 

and from (2) and (3) 

ps7=QQ'V (5) 

Dividing (5) by (1) we have 
• "Electricity," 769, vol. ii. p. 369. 
f Sm next jKige. 

X Similarly, if 10 yards equal SO feet, tlie ratio of the numbera ie 1 to 3, 
and tberefure that of tha nniti 3 to 1. 
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^r the ratio of the units equals the velocity with which an elec- 
^Hfied bod J must be moved to make it act as a current conveying 
the same quantity of electricity per second. 

I 

Rowland's Expeeiments. 

Professor Maxwell has pointed out that^ though it is of course 
^XKipossible to move a charged body with the velocity of electricity, 
yet that it might be possible to move it fast enough to get an 
^appreciable magnetic effect. 

On June 15^ 1875^ Professor Helmholtz read before the Berlin 
-A.cademy* an account of some experiments made by Professor 
Howland on the magnetic effect of a statically-charged body in 
xnotion. 

In these experiments a gilt ebonite disc, 21*1 ccntims. in dia- 
isietetj was revolved sixty-one times per second near an astatic 
xieedle. The disc was electrified by connecting it to a charged 
Xieyden jar. The electro-static potential was determined by seeing 
^nrhat length of spark the charge would give, and comparing the 
Yesult with Sir William Thomson's tables of the " electro-motive 
force required to produce a spark/'f 

The magnetic effect was determined by observing the deflec- 
tion of the needles by means of a mirror and scale in the ordinary 
manner. 

Having observed the magnetic effect, Professor Rowland 
calculates what it would have been if v had had the values given 
by Weber and Maxwell respectively, and he found that the 
observed number came between the two calculated numbers. 

Here Professor Rowland left his results, as they were not 
undertaken as a measurement of v. But by a simple process of 
interpolation between the magnetic effects, calculated from Max- 
well's and Weber's v respectively, we can find what value of v 
would have given exactly the observed magnetic effect. The 
result of the calculation is 

V = 3*0448 X 10*" centims. per second. 
In my account of the above experiments I have omitted the 

• Berlin Monatebericht, 1876, p. 211. translated Phil. Mag., September, 
1876, p. 233. 
t Vol. ii. p. 64. 
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SCUUARY. 

We have for v the following values :— 



e applied by Pro- 





• 


10 cmiilBi.|»r»iK»<L 


Weber aud KohlraUich 
MwweU 


31074 
2836 
^■8798 


McKich«n .... 
Ayrlon and Perry . 

Hockiii 

(I'ram) Rowlund .... 


293 

2-980 
2988 
30*18 


Mean of the four last . 


2-9867 



An examination of the details of t.lie experiments showe that 
the four last sets are much more trustworthy than the earlier 
dttermi nations, and I have therefore adopted, as the most pro- 
bable value off. 



< 10" centiins., or 185,521 miles per 




PAET IV. 
ELECTRO-OPTICS. 



A PHYSICAL TREATISE 



ON 



ELECTRICITY AND MAGNETISM. 



|)art lilS. 

LATIONS BETWEEN ELECTRICITY AND LIGHT 

OR, " ELECTRO-OPTICS." 



CHAPTER XLVI. 

MAQNETIC KOTATION OP POLARIZED LIGHT.* 

PRELIMINARY. 

Ordinary light consists of vibrations taking place always in 
planes at right angles to the direction of the ray, but in all direc- 
tions in those planes. That is, if the ray travels along the axle 
of a wheel, the vibrations composing it are all in the plane of the 
wheel, but are executed along any or all of tlie spokes. 

The effect of reflecting light at certain angles from certain 
substances^ or of passing it through certain crystalline substances, 
is to cause all the vibrations to take place in the same direction — 
that is, along one spoke of the wheel and the spoke opposite to it, 

The light is then said to be polarized. Now if the wheel, 
without being rotated, be slid along the axle, the spoke along 
which the vibrations take place will trace out a plane. 

When no rotative force is applied to the polarized light, the 

* The student who is ignorant of the elements of the theory of polarized 
light is recommended to read " The Polarization of Light," by Wm. Spottis- 
woode, Pres. R.S., &c. Nature Series (Macmillan). 
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vibrations at) take place in this plane, and the li^ht is said t') W 
" plane-polarized." 

If we twist the rpflector or crystal, which we use as a polarizer, 
round the direction of the ray aB axis, we shall shift this plants 
in the eame way as if we cause the wheel to turn on its axis 
and 80 shift the spoke along which the vibrations take place ; 
but, when the wheel is slid along the axis, thia Bpokt> will still 
trace out a plane, only that plane will not be the same as before. 
That is, if we turn the polarizing mirror or crystal, we turn the 
plane of polarization, but the light still remains plane -polarized. 

We cannot detect by the eye in what plane light is polarized, 
or indeed whether or not it is polarized at all. In order to do so 
we have to take advantage of the Ibllowing natural law ; — 

Transparent bodies which have tlie power of polarizing light 
in any given plane are opaque to light already polarized iu a 
plane at rijfht angles to that plane; and reflecting surfaces which 
have the power oE polarizing light in a given plane will not 
reflect light which, when it falls on them, is already polarized in 
a plane at right angles to tliat plane. 

Thus, to determine in what plane light in polarized, we have 
only to take a crystal which has the power of polarizing light in a 
certain plane fixed with regard to its axis, and to turn it round 
till the light is extinguished. 

We then know that the light is polarized in a plane at ri^fht 
angles to that plane in the crystal. 

Natceal Rotation. 

Certain natural substances, such as oil of turpentine, creosote 
&c., possess the power of " rotating the plane of polarization;" that 
is, if a horizontal beam of light, polarized in a horizontal plane, 
be sent through a tube filled with one of these substances, its plane 
of polarization, on emergence, will no longer be horizontal, but 
will be inclined on one side or the other of the horizontal, accord- 
ing to the nature of the substance. 

The amount of inclination for the same substance depends oa 
the length of the substance travelled through. ^1 

Faraday's Discovebv ok Maoketio Rotation. ^| 

Faraday discovered that if a piece of a particular kind of glass 
known as " heavy glass" is placed between the poles of an 
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electro-magnet^ and a ray of polarized light sent through it from 
pole to pole, the plane of polarization is rotated. That is, if the 
light be supposed to go in, in a horizontal plane, it emerges, still 
plane-polarized, in a plane inclined to the horizontal. The direc- 
tion of the inclination depends on the polarity of the magnet; if 
this be reversed, by reversing the current, the direction of the 
rotation is changed. Faruday afterwards found that many other 
substances could produce the same effect when magnetized. 

Thus far the magnetic phenomenon appears to be analogous to 
the phenomenon of rotation by oil of turpentine, &c. There is, 
however, a very important difference between the two cases. 

Difference betwkex Magnetic and Natural IIotation. 

If, instead of permitting the light to emerge, we let it fall 
perpendicularly on a mirror placed at the end of the column of 
turpentine or glass, and be reflected back, we shall find that, in 
the case where ihe roiaiion is prodiicfd bf/ the mag nei'ie force ^ 
the amount of rotation is doubled; while in the cane whtre the 
rotation is produced b// the natural power of the substance^ 
the rotation is annulled ; and further, if by silvering both ends of, 
the heavy glass, or of the tube containing the oil of turpentine, we 
cause the light to pass backward and forward any number of 
times (fig. 23U), we shall find that, in the case of the magnetic 
rotation, the rotation is equal to as many times the original 
rotation as the light passes through the substance ; while in the 





Fig. 259. 

case of the natural rotation, it is zero or equal to the original 
rotation, according to whether the light passes through the sub- 
stance an even or an odd number of times. 

A mechanical illustration may assist us to understand this. 
Let us, as before, represent the plane of |)olarization by the direc- 
tion of the spoke of a wheel, and let us slide the wheel backward 
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and forward on the axis, and cause it to rotate at tlie same time 
EO that the spoke is always in the iilane of polarization at the 
point where the wheel is on the axis. The case of natural rota- 
tion will then be illustrated by considering the turning of the 
wheel to be produced by the guiding action of a spiral or 
long screw thread ctit on the axis. Thus, as the wheel moves 
along, the spoke traces out a twisted surface, while, when the 
wheel is slid bock again, the spoke comes back along the same 
surface. 

The case of magnetic rotation, however, id illustrated by con- 
Bideving the wheel io be tnrned, coattantly in the tame direction 6y 
tome external force, such as the pulling of a string wound roand 
its circumference while the wheel is slid backward and forward. 
Let us suppose as before that tlie spoke always lies in the plane of 
polarization ; the twisted surface traced out by it will now be 
diflerent, as, on the wheel beginning to slide liaek along the axis, 
the spoke will not return on its old path, but will trace out a new 
Hurface whose twist is equal and opposite to the twist of the first 
surface. 

Faraday's Paper. 

Faraday communicated his discovery to the Royal Society 
November 6, 1845, in a paper entitled, — 

" On the Magnetization of Light and the Illumination of Mi 
netic Lines of Force: i. Action of Magnets on Light; ii. ActN 
of Electric Currents on Light; iii. General Considerations, 

He commences his paper as follows : — 

• Phil. Trana., 1846, p. 1. " Eip. R™.." 2146, vol. ii[. p. 1. 

The rollowing footnote was appeadtd by FaTsdnj to the titlu of 
piper:— 

" The title of this paper bns, I oDileniliiiid. led many to a niisapprchensinn 
of its coDtenti, and I iherefurc lake the lilwrt)' of Bp[icn<iling this eiplaoatoiy 
note : — Neither accepting not rejecting the hypothesis of an «th«r, or the 
oorpiMcular, or anj olhrr view that tnay lie eiitert«inrj of the nature of 
light; and, as far »n I can see, nothing being reiillj known of a ray of 
light more than of a line of muenetic or eleutric force, or even of a line 
of gravitating foit'e, eicrpt as it and they are manifest in and by siib- 
stances; 1 l>elieTe that in the eiperimenta I describe in tlie paper, light 
has been magneticiilly affected, i.e. that that which n mngnetii.' in the forces 
of matter has been affected, and in return ban alfect«d that which b trulj 
magnetic in the force of light ; by ihe term magnetic I include here either 
of the peculiar exerlioni of lie power of * magnet, whether it be that which 
ia manifest in the magnetic or the diamagnetio class of budiM. Tb« phraae. 
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"Action op Magnew on Light. 

" I have \oxiir held an opinion, almost amountinc)^ to conviction, 
in common, I believe, with many other lovers of natural know- 
ledge, that the various forms under which the forces of matter 
are made manifest have one common oriti^in ; or, in other words, 
are so directly related and mutually dependent, that they are 
convertible, as it were, one into another, and possess equivalents 
of power in their action.* In modern times, tl)e proofs of their 
convertibility have been accumulated to a very considerable ex- 
tent, and a commencement made of the determination of their 
equivalent forces. 

" This strong persuasion extended to the powers of light, and 
led, on a former occasion, to many exertions, having for their 
object the discovery of the direct relation of light and electricity, 
and their mutual action in bodies subject jointly to their power ; 
but the results were negative and were afterwards confirmed in 
that respect by Wartmann. 

''These ineffectual exertions, and many others which were 
never published, could not remove my strong persuasion derived 
from philosophical considerations; and, therefore, I recently 
resumed the inquiry by experiment in a most strict and searching 
manner, and have at last succeeded in magnetizing and elecinfying 
a ray of lights and in illuminaling a magnetic line of force. These 
results, without entering into the detail of many unproductive 
experiments, I will describe as briefly and clearly as I can.'' 

Akrangement op the Experiments. 

'^ A ray of light issuing from an Argand lamp was polarized 
in a horizontal plane by reflection from a surface of glass, and 
the polarized ray passed through a Nicol's eye-piece revolving 



* Illumination of the lines of magnetic force/ has been understood to imply 
that I had rendered them luminous. This was not within my thought. I 
intended to express that the line of magnetic force was illuminated as the 
earth is illuminated by the sun, or the spider's web illuminated by the 
astronomer's lan^p. Employing a ray of light, we can tell hif the eye the 
direction of the magnetic lines through a body ; and, by the alteration of 
the ray and its optical etTect on the eye, can see the course of the lines juitt 
as we can see the course of a thread of glass, or any other transparent sub- 
stance rendered visible by the light : and this is what I meant by illumina- 
tion, as the paper fully explains. — December 16, 1845. M. F." 

• " Exp. Bes.," 57. 366, 376. 877, 961, 2071. 
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on a horizontal nxls, bo as to be easily examined by tho latter. 
Between tlie polarizing mirror and the eye-piece two powerl'iil 
electro-magnetic poles were arranged, being either the poles of a 
horse-shoo magnet, or the contrary poles of two cylinder mag- 
nets ; they were separated from each other about two inches in 
the direction of the line of the ray, and so placed that, if on the 
same side of tho polarized ray, it might pass near them; or, if 
on contrary sides, it might go between tbem, its direction being 
always parallel, or nearly so, to the magnetic lines of force. 
After that, any transparent substance placed between the two 
poles would have, passing through it, both the polarized ray and 
the magnetic lines of force at the same time and in the same 
direction. 

" A piece of heavy gloss, about two inches square and 05 of 
an inch thick, having flat and polished edges, was jiluced between 
the poles (not as yet magnetized by the electric current) so that 
the polarized ray should pass through its length ; the glass acted 
as air, water, or any other indiflerent substance would do; and 
if the eye-piece nere previously turned into such a position that 
the polarized ray was extinguished, or rather the image produced 
by it rendered invisible, then the introduction of this glass made 
no alteration in that respect. In this state of circumstances the 
force of the electro-magnet was developed, by sending an electric 
current through its coils, and immediateli/ Ihe image of ihe lamp 
flame became tkible, and continued so a» long ai (lie arrangement 
continued moffnede. On stopping the electric current, and so 
causing the magnetic force to cease, the light instantly disap- 
peared; these phenomena could be renewed at pleasure, at any 
instant of time, and upon any occasion, sbowing a perfect 
dependence of cause and eflect The voltaic current which was 
used upon this occasion was that of five pair of Grove's construc- 
tion, and the electro-magnets were of such power that the poles 
would singly sustain a weight of from twenty-eight to fifty-six 
or more pounds. A person looking for the phenomenon for tlie 
first time would nut be able to see it with a weak magnet. 

" The character of the force thus impressed upon the glass is 
that of rotation ; for when the image of the lamp-flame has thus 
l«en rendered visible, revolution of the eye-piece to the right or 
left, more or less, will cause its extinction; - - - 
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tion will produce tfie reappearance of the lights and that with 
complementary tints, according aa this further motion is to the 
right or left hand. 

'* When the pole nearest to the observer was a marked pole, i.e. 
the same as the north-pointing end of a magnetic needle^ and 
the further pole was unmarked^ the rotation of the ray was 
left-banded;* for the eye-piece had to be turned to the lefl 
band, or in the opposite direction to the hands of a clock, 
to overtake the ray and restore the image to its first con- 
dition. When the poles were reversed, which was instantly done 
by changing the direction of the electric current, the rotation 
was changed also and became right-handed, the alteration being 
to an equal degree in extent as before. The direction was always 
the same for the same line of magnetic force. 

''When the diamagnetic was placed in the numerous other 
positions, which can easily be conceived, about the magnetic 
poles, results were obtained more or less marked in extent, and 
very definite in character, but of which the phenomena just de- 
scribed may be considered as the chief example. 

''The same phenomena were produced in the silicated borate 
of lead (heavy glass) by the action of a good ordinary steel horse- 
shoe magnet, no electric current being now used. The results 
were feeble, but still sufficient to show the perfect identity of 
action between electro-magnets and common magnets in this 
their power over light. 

"Two magnetic poles were employed endways, i.e. the cores 
of the electro-magnets were hollow iron cylinders, and the ray 
of polarized light passed along their axes and through the dia- 
magnetic placed between them : the effect was the same. 

" One magnetic pole only was used, that being one end of a 
powerful cylinder electro-magnet. When the heavy glass was 
beyond the magnet, being close to it but between the magnet 
and the polarizing reflector, the rotation was in one direction, 
dependent on the nature of the pole ; when the glass was on the 
near side, being close to it, but between it and the eye, the rota- 
tion for the same pole was in the contrary direction to what it 
was before ; and when the magnetic pole was changed, both these 
directions were changed with it. When the heavy glass was 

* I have corrected what is evidently an accidental error in the direction of 
the rotation as given in Faraday's paper. 
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placed in a correBponding position to the pole, but above or below 
it, Eo tbat the viaffHetic curvet were no longer passing through the 
(tIbbb parullel to tlie ray of polarized light, but rather perpendicular 
to it, then no eSl-ct was produced. These particularities may 
be understood hy reiercnce to lig. 240, 
, where a and ^represent the first positions 
of the diamagaetic, and c and d the 
latter positions, the course of the ray 
being marked by the dotled line. If 
also the glass were placed directly at the 
end of the magnet, then no effect waa 
Fig. MO. produced on a ray passing in the direc- 

tion here described, though it is evident, from what has been 
already said, that a ray passing parallel to the magnetic lines 
through the glass so placed would have been affected by it, 

"Magnetic lines, then, in passing through silicated borate of 
lead (heavy gloss), and a great number of other substances, canse 
these bodies to act upon a polarized ray of light when the linea 
are parallel to the i-ny, or in proportion as they are parallel upon 
it: if they are perpendicular to the ray, they have no action 
upon it." (Faraday calls the glass and other substances " dia- 
magnetics.") " They give the iliamagnetic the powerof rotating 
the ray ; and the law of this action on light is, that if a magnetic 
line of force be going from a south-pointing or " plain " pole or 
coating from a north-pointing or " marked " pole along the path 
of a polarized ray coming to the observer, it will rotate tliat ray 
to the right hand ; or that if such a line of force be coming from 
a south-pointing pole or going from a north-pointing pole, it will 
rotate such a ray to the left hand. 

" If a cork or a cylinder of glass (ig. 24 1 representing the dia- 
magnetic be marked at its ends with the letters N and S, to 
, represent the direction in which the poles of the 
) mugnet would point if it was suspended, the line 
joining tliese letters may be considered ae a mag- 
netic line of force j and further, if a line be traced 
round the cylinder with arrow-heads on it to 
represent direction, as in the figure, such a simple 
model, held up before the eye, will express the whole of the law, 
and give every position and consequence of direction resulting 
from it. If a watch be considered iks the dia magnetic, the south* 




Magnetic Rotation of Polarized Light — Faraday. 213 

pointings pole of a magnet being imagined against the face, and a 
north-pointing pole against the back, then the motion of the hand 
will indicate the direction of rotation which a ray of light under- 
goes by magnetization/' 

Perhaps the simplest way to remember the direction is to note 
that in all diamagneiic media the plane of polarization is 
rotated in the same direction as thai in which a current would 
have to circulate round the ray to produce the existing mag^ 
netism, 

Faraday next " proceeds to the different circumstances which 
affect, limit, and define the extent and nature of this new power 
of action on light. 

'•' In the first phce, the rotation appears to be in proportion to 
the extent of the diamagnetic through which the ray and the 
magnetic lines pass. No addition or diminution of the heavy 
glass on the side of the course of the ray made any difference in 
the effect of that part through which the ray passed. 

'"The power of rotating the ray of light increased with the 
intensity of the magnetic lines of force; and it appears to be 
directly prgportionate to the intensity of the magnetic force. 

" Other bodies, besides the heavy glass, possess the same power 
of becoming, under the influence of mas^netic force, active on 
light. When these bodies possess a rotative power of their own, 
as is the case with oil of turpentine, sugar, tartaric acid, tar- 
tarates, tec, the effect of the magnetic force is to add to, or 
subtract from, their specific force, according as the natural rota- 
tion and that induced by the magnetism is right or left handed.'^ 

Faraday notes that he could not perceive that this power was 
affected by any degree of motion which he was able to communi- 
cate to the diamagnetic, whilst jointly subject to the action of 
magnetism and light. 

*' The electro-helices without the iron cores were very feeble 
in power, and indeed hardly sensible in their effect. With th»i 
iron cores they were powerful, though no more electricity was 
passing through the coils than before. This shows, in a ver}- 
simple manner, that the phenomena exhibited by light under 
these circumstances is directly connected with the magnetic form 
of force supplied by the arrangement. Another effect which 
occurred illustrated the same point. When the contact at the 
voltaic battery is made, and the current sent round the electro- 
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magnet, llie ima^ produced by the rotation of the polarized ray 
docB not rise up to its full luatre immediately, I'ut inereases for a 
couple of secouds, giadually acquirin}r its greatest intensity; on 
breaking the contact, it sinks instantly and disappears apparently 
at once. The gradual rise in brightness is due to the time which 
the iron core of the magnet requires to evolve all that magnetic 
power which the electric current can deTelope in it; and as the 
magnetism rises in intensity, so does its effect on the light in- 
crease in power ; hence the progressive condition of the rotation." 

Faraday could not " find that the heavy glass, when in this 
state, i.e. with magnetic lines of force passing through it, ex- 
hibits any increased degree, or has any specific magneto-iuduc- 
tive action of the recognized kind." He "placed it in large 
quantities, and in different positions, between magnets and mag- 
netic needles, having at the time very delicate means of appre- 
ciating any difference between it and air, but could find none." 

" Using water, alcohol, mercury, and other fluids, contained in 
very large, delicate, thermometer- shaped vessels," he " could not 
discover that any difference in volume occurred when the ma^etic 
curves passed through them," 

Faraday observed that many other substances besides heavy 
glass exhibited this property of rotating u ray when magnetized. 

Crystals generally show but small effect. 
Liquids. 

Faraday found that every liquid which he tried showed the 
eflect in a greater or less degree. 

Gases. -^I 

Faraday was unable to detect any effect with gases. -l^B 

Bodies having Natt-iial Botatiow. 

In the cases where bodies had previously a natural rotative 
power in either direction, the superinduced magnetic mtation was 
Recording to the general law, and without reference to the pre- 
vious power of the body. 

Action of Electric CmnKNTs om Light. 

Faraday found, as we should expect, that the action of on 
electric current was the same as that of its equivalent magnet, 
or that if any substance having magnetic rotative power were 
placed inside a helix, that a ray of light passing through the 
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substaDce aloD^ the helix, would he rotated when the current 
passed ; the direction of rotation depending on the direction of the 
current. 

In this case the light did not appear gradually but instan- 
taneously. 

Solids were made in the form of long rods with polished ends, 
and placed inside the helix. 

Liquids were contained in glass tul>c8 with flat glass ends. 

Law op Action. 

It was found that, in all the substances which Faraday 
examined, the plane of polarization wns twisted in the same 
direction as the current in the helix was rotating. 

By substituting for the helix its equivalent magnet we shall 

see that this agrees with the direction of rotation caused by a 

magnet. 

General Conclusions. 

Tlie following are Faraday's general conclusions : — 
" Thus is established, I think, for the first time, a true direct 
relation and dependence between light and the magnetic and 
electric forces ; and thus a great addition made to the facts and 
considerations which tend to prove that all natural forces are 
tied together, and have one common origin. It is, no doubt, 
difficult in the present state of our knowledge to express our 
expectation in exact terms ; and though I have said that another 
of the powers of nature is, in these experiments, directly related 
to the rest, I ought, perhaps, rather to say that another form of 
the great power is distinctly and directly related to the other 
forms; or that the great power manifested by particular pheno- 
mena in particular forms is here further identified and recogniz«^d 
by the direct relation of its form of light to its forms of electricity 
and magnetism. 

" The relation existing between j)o la r I zed light and magnetism 
and electricity is even more interesting than if it had been shown 
to exist with common light only. It cannot but extend to com- 
mon light; and, as it belongs to light made, in a certain respect, 
more precise in its character and properties by polarization, it 
collates and connects it with these powers, in that duality of 
character which they possess, and yields an opening, which before 
was wanting to us for the appliance of these powers to the inves- 
tigation of the nature of this and other radiant agencies. 
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" Referring to tlie conventional distinction before made, it may 
be afjain stated that it is the magnetic lines of force on/y which 
are effectual on the raj-a of light, and they ou/^ (in appearance) 
when parnllel to the ray of light, or as they tend to parallelism 
with it. As, in reference to matter not magnetic alter tlie man- 
ner of iron, the phenomena of electric induction and electrolyza- 
tion ehow a vast euperiorily in the energy with which electric 
forces can act as compared to magnetic forces, so here, in another 
direction and in the peculiar and correspondent effects which 
belong to magnetic forces, they are shown, in turn, to possess 
great superiority, and to have their full equivalent of action on 
the same kind of matter. 

"The magnetic forces do not act on the ray of liglit directly 
and without the intervention of matter, but through the media- 
tion of the eubstance in which they and the ray have a simul- 
taneous existence; the Eubstances and the forces giving to and 
receiving from each other the power of acting on the light. This 
is shown by the non-action of a vacuum or of air or gases; and it 
is also further shown by the special degree in which different 
matters possess the property. That magnetic force acts upon the 
ray of light always with the same character of manner and in the 
b-arae direction* independent of the different varieties of substance, 
or their states of solid or liquid, or their specific rotative force, 
shows that the mafi;netic force and the light have a direct rela- 
tion ; but that substances are necessary, and that these act in 
different degrees, shows that the magnetism and the light act on 
each other through the intervention of the matter. 

" Recognizing or perceiving mailer only by its powers, and 
knowing nothing of any imaginary nucleus, abstract from the 
idea of these powers, the phenomena described in this paper 
much slrengthen my inclination to trust in the views I have on 
a former occasion advanced in reference to its nature.f 

'■* It cannot be doubted that the magnetic forces act upon 
and affect the internal constitution of the diamagnetic just as 
freely in the dark as when a ray of light is passing through it; 
though the phenomena produced by light seem, as yet, to pre 

• It has tmie Wn shown by Verdet that thii is not the 
magnetic Bubetunces rotate llie light in a direction oppmit« to 
8*eTol.ii., p. 225. 

+ " Eip. Bes.," Tol. ii., p. 284 ; or Pbil. Mag., 1844, vol. xjtl 
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■the only means of observing this constitution and the change. 
I Further, any such change aa thU muet holon^ to opaque hodies, 
luch as wood, stone, and metal ; for aa dia magnetics, there is no 
{■distinction between them and those which are transparent. The 
[degree of transparency can at the utmost, in this respect, only 
pnuike a distinclion between the individuals of a class. 

" If the magnetic forces had made these bodies magnets, wc 

I oould by li^ht have examined a transparent magnet ; and that 

I would Jtave been a great help to our investigation o£ the forces 

[of matter. But it does not make theui magnets,* and there- 

' fore the molecular condition of these two bodies, when in the 

state described, must be specifically distinct from that of mag- 

setized iron, or other such mutter, and must be a new magnelic 

condition; and as the condition is a state of tension (manifested 

"by its instantaneous return to the normal state when the mug- 

■ iietic induction is removed), so th^/orce which the matter in this 

Estate possesses, and its mode of action, must be to us a nevi mag- 

1 meiic force or mode of ac/ion of matter. 

' For it is impossible, I think, to observe and see the action 
I of magnetic forces, rising in intensity ujwn a piece of heavy 
I glass or a tube of water, without also perceiving that the latter 
I acquire properties which are not only vete to the substance, hut 
1 are also in subjection to very definite and precise laws, and are 
I eqnivalent in proportion to the magnetic forces producing tliem. 
" Perhaps this stote is a state of electric tension ieuding to a 
^.eurrenl ; aa in mognets, according to Ampere's theory, the state 
'1 a state of curreut. When a core of iron is put into a helis, 
I everything leads us to believe that currents of electricity are pro- 
duced within it, which mfate or move in a plane perpendicular to 
the axis of the helix. If a diamagnetic be placed in the simje 
position, it acquires power to make liyht rotate in the same plane. 
The state it has received is a state of tension, but it has not passed 
OD into currents, though the acting force and every other eireum- 
t' stsDoe are the same us those which do produce currents in iron, 
I nickel, cobalt, and such other matters as are tilted to receive them. 
I Hence the idea that there exists in diamngnetics, under such 
I circumstances, a tendency to cuiTcnta, is consistent with all the 
I phenomena aa yet described, and is further strengthened by the 



* It hH lines been shown that it niukps tLen 
W.f. 20, " Tjndall on Diftm«giwtio Polnritj." 
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fact that, leaving tlie loadstone or the electric current, which liy 
inductive action is rendering u piece of iron, nickel, or cobalt 
magnetic, perieetJy unchanged, u mere ghauge of temperature 
will take t'rotn these bodies their esti-a power, and make them 
into the common class oi'diamagaetics." 
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FuETHEiL Investigations, 

The subject was next studied by Weidemann, who experimeni 
on liquids subjected \a the direct action of currents carried 
helices. 

Veiidet's Expekiuents. 

In lti52M, Verdet" commenced to investigate the subject, and 
it is to him after Faraday that we owe the greater part of our 
knowledge of it. He first combined quantitative measurements 
with the use of powerful magnetic forces. In most of his ex- 
periments he used a lai'ge electro-magnet with iron cnren, and, bv 
the use of perforated poles, he was enabled to cause a beam of 
light to pass along the line of maximum magnetic force. In bis 
first investigation the iron cj'linders forming the cores of hits 
electro- magnet were perforated longitudinally. 

J'ig. 243 shows llie jirrangement of M. Verdet's apparatus. 







Tig. 243. 

• "CEuvi-eB do Verdel." tome i. p. 112. Puria: Mussnn. 1873. All 
eitracU from M. VeiJet's wrilingg are taken irmn the edilion of lii» 
oollecti'd works, iniblislied b; liia pupils ia 1872-75. It has bran conildeml 
mora conveniDnt to giverererenfm to the collL>cted works than to the joomab 
in which the pnpers wen* origiiuilly published. 
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The cylinders A B, A' B' being placed with their axes in the 
same horizontal line, a beam of light M N could be sent 
through them, and through a piece of glass or other transparent 
medium, placed in the small space left between their near ends. 
The exterior ends were connected by a massive rod of soft iron 
P R S F bent into the shape of three sides of a rectangle. 

It being very important, as will be seen immediately, that the 
glass and the space in its immediate neighbourhood should be 
contained in a field of uniform magnetic force, thick iron discs 
FF*, perforated at their centres, were placed upon the near ends 
of the iron cores. 

Measurement of the Intensity of the Magn^^ic Field. 

Having secured a field of magnetic force sensibly uniform over 
a considerable space, M. Vcrdet inserted iu it, side by side, the 
transparent body on which he was about to experiment, and the 
apparatus C D which he used for determining the strength of 
the field. 

The theory of this latter was founded on the fact that the 
whole, or integral, current due to the motion of a given wire in 
a magnetic field (such current being measured by the extreme 
limit of the first swing of the galvanometer needle) depends 
only on the intensity of the magnetic field and the amount of 
the whole motion ; but does not depend on the velocity of the 
motion when that velocity is considerable. 

A little bobbin C (Hg. 243) of silk-eovored wire was con- 
structed, and fixed so that it could be turned, by means of the 
handle B, through 90° round aii axis, FG, at right angles to the 
axis of the bobbin. 

The bobbin was 28 millims. external and 12 mm. internal dia- 
meter — 15 mm. long. It was fixed on a little copper st^md 
between the poles, so that the line round which it could be 
turned was at right angles to the line joining the polos, and 
passed midway between them. It could be raised and lowered 
by means of the handle D, and clamped by the screw II. 

When the bobbin was turned, its axis moved from the vertical 
to the horizontal position, and vice versa. While the current 
wag flowing in the magnet coils, and while the optical effectfl 
were being observed, an assistant turned the bobbin suddenly 
through 90°, and the swing of the galvanometer noodle was 
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observed. Of course a stop was used to limit the motion of tlie 
bobbin to exactly 90°. The swing of the galvanometer needle 
was then an accurate measure of the iutenaity of the mugnetio 




force to which the transparent Dnedium was being subject* 
It was, however, a measure in purely arbitrary units, although, 
with the same disposition of the apparatus, diHerent measure- 
ments were strictly comparable with each other. If M. Verdet had 
removed his magnet, and caused the bobbin to be turned under 
the influence of the earth's magnetic force, on a day when the 
intensity of the latter was known, he would at once have reduced 
his measurements to ahsolute units. In his time, however, the 
importance of absolute measurement was hardly, if at all, recog- 
nized, and he did not make this observation. 

Verdet experimented on Faraday's heavy glass, on common 
flint glass, and on bisulphide of carbon. The dimensions of the 
pieces of heavy glass that he used were — first, a parallelopiped of 
square base 40 millims. long, 13 mm. in the side, polished on its 
two bases, and on two opposite aide faces. 

Second, a rectangular parallelopiped 372 millims. by 1 
by 12"5 mm., polished on all six faces. 
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The flint ^lass was a parallelopiped 43*3 mm. lon^f, 14'5 mm. 
in the side, polished on its two bases and on two of its side faces. 
By sending li^ht either sideways or endways throiij[i^h the pieces, 
it could be made to traverse different lengths of glass. The 
bisulphide of carbon was contained sometimes in one, some- 
times in the other of two tubes with glass ends whose lengths 
were respectively 44 and 31 mm. Some preliminary experi- 
ments showed that the action of the glass plates which formed 
the ends of these tubes was altogether insensible. 

Rotation and Magnetic Strength. 
The law which M. Verdet deduced from his first experiments 



The rotation of the plane of polarization is proportional to the 
ttrengtk of the magnetic action — that is, if we divide the amount 
of rotation, observed in any experiment, by the strength of tlie 
magnetic field, as observed at the giilvanometer in the same ex- 
periment, we shall find that, for the same substance, colour, and 
disposition of apparatus, the quotient is constant, whatever he 
the strength of the current used. 

The following table is extracted from a great number of 
similar ones, given by M. Verdet, in order that the reader may 
judge for himself to what extent of accuracy the investigation 
has been carried : — 



Experiments 


OF Heavy 


Glass No. 


• 






Set III. 








White light. Thicknc«s 


, 37-2 m. 




F 




R 




Q 


148-25 




0° 55' 15" 




2-80 


116-37 




5° 2S' 




2-82 


107-00 




5° i^^ir 




2-89 


92-87 




4° 2(V 




284 


89-37 




4°20' 




291 


83-60 




4P 4' 20" 




2'9:< 


59 37 




2^ 57' 16" 




2-98 



Mean .. .. 2 88 

In these experiments R is double the rotation produced by the 
current — that is, it is the diiference of the circle readings cor- 
responding to the two directions of the current. F is the strength 

• Verdet, torn, i., p. 137. 

38 
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of the maijnetic field as measured by the induction apparatus. 

Q equals ^ ; that is, it equaU the ratio of the rotation, to the 

magnetic force producing it. We see that the various values of 
Q are almoat absolately constant. Every further refinement in 
experimentation causes the various values of this ratio to : 
more and more closely with each other. Experiments on homo- 
geneous light give much more accurate results than esperimentB 
on white light, for, as no two colours are equally rotated by the 
same magnetic force, the rotation of white light simjily means 
the rotation of the mean, or of the most prominent colour of 
those which compose it Any small accidental discoloaratioa i 
of the medium may considerably alter the mean rotation, by 1 
altedng the colour on which the chief effect hi observed. 

M. Verdet goes on to say that his law holds, whatever be the 1 
I)ci6ition of the poles of the magnet, or their distance from the | 
glass. 

Thickness of Medicm. 

He next experimented on the effect of the thickness of 
glass traversed, and finds that, mtk fhe tame tnagnetic inttnsH]/, 
(he Tofntioa is dtfeeilf propordnnal to (he (hickiteii of the glas/i 
iraeerted by the light. In making the experiment it was not 
possible to obtain tlie same intensily of magnetic field with two 
different thicknesseB of glass; but it is obvious that, if the nlwve 
law holds, the ratio Q of the rotation to the magnetic intensity 
should be proportional to the tbickncss of the 

In two of the experiments which Verdet gives, we have, 

First with heavy glass, 

Q= ^ = 28Sand 1-92. 

when the thicknesses traversetl were respectively 37'2 niid 
26 millims. Dividing the above ratios by the corresponding 
thicknesses, we have the quotients 0077 and 0074. A similar 
calculation from experiments on bisulphide of carbon gives 
quotients 0-056 and 0-055. In both cases there is as close o ' 
agreement as could reasonably be expected with the given J 
experimental conditions. 

Angle bctwekn Diebctions of Light and Magnetic >'oi 
The next point which was investigated was the effect { 
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incliningr the light to the direction of magnetic force. The 
appaiatiw uaed for this purpose is ehown io plan io fig. iW. 
The glass and Nicola being fixed bo that the light travelled 




in a horizontal line, the magnet wax eo arranged that it could 
be tnmed round a vertical axis, and so cause the line of mag- 
netic force to form a horizontal line making any desired angle 
frith the direction of the light. For this purpose a mugnet of 
ordinary horse-shoe form was uaed (shown in ,plim in fig. 244), 
the bobbios of which stood vertical, and had pules, H K, W K', 
consisting of massive blocks of iron fixed on tlicir cores. 
Horizontal slits in the iron poles permitted tiie light to pass, 
even when the angle between its direction and the axial line of 
the magnet was considerable. N is the polarizer, T M the 
analyzer. L and D are divided circles, by which the angle 
between the light and the magnetic axis can be measured, D is 
read by the vernier C, F F' are slides for altering the <listance 
between the poles. They move in guides G G' and arc clamjied 
hy screws U U'. V V are levelling screws. The la^v deduced 
from experiments with this apparatus is — 

Tie TolatioK produced ic'Uh a i/kea infemify of magnetk fieJiJ 
U simply proporlional to llie eo»ine of the angle betroeeu the 
direction of the light and the direction of the Unci of magnetic 
force. 

That is, it is proportional to the projection, on the line joining 
the poles, of the length of the medium traversed hy the light. 
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Coinbining these three reeults we arrive at the simple general i 
law that — ■ 

General Law. 

For a ffieea meditim and cohur, the rotation of the plane of 
polarization heticeen any two point* in the path of the ray is timplf 
proportional to the dtfferenee of magnetie pol-ential at those poinlt. 

For the difference of potential at two points in a magnetized i 
Biibstance depends simply and only on three things : 

It is proportional (I) to the intensity of mag'netization of the I 
substance ; 

(2) To the cosine of the angle between the direction of magne- 1 
tization and the line joining the two points; and 

(3) To the dietance between the two points. 

Maxwell's Summabt. 

Prof. Clerk Maxwell " thus snnimarizea Faraday's and Verdet's 
results: — ' 

" Art. SOS. The angle through which the plane of polarization 
is turned is proportional — 

"(1) To the distance which the ray travels within the 
medium : hence the plane of polarization changes continually 
from its position at incidence to its position at emLTgcnce. 

" (2) To the intensity of the resolved part of the magnetic 
force in the direction of the ray. 

" (S) The amount of the rotation depends on the nature of 
the medium. No rotation has as yet been observed when the 
medium was air or any other gas-f 

" These three stfttements are included in the more general one 
— that the angular rotation is numerically ei^ual to the amount by 
which the magnetic potential increases from the point at which 
the ray enters the medium to that at which it leaves it, multiplied 
by a co-efficient which for diamagnetic media is generally positive. 

"S09. In diamagnetic substances, the direction in which the 
plane of polarization is made to rotate Is the same as the direction 
in which a positive current must circulate round the ray in order 
to produce a magnetic force in the same direction as that which 
actually exists in the medium." 

The present writer was for nearly two years engaged, under Prof, i 
Maxwell's direction, in determining the co-efEcient mentioned ii 
• " Electricity," Art. 808, vol. ii. p. 400. 
t &fe ToL ii. p. 237. 
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the last line of (Prof. Maxwell's) art. 808 — ^that is, in "deter- 
mining Yerdef 8 constant in absolute units/' An account of the 
experiments will be given later on* 

Different Media. 

It is found that the amount of rotation which a given magnetic 
force produces on light of a given colour varies with the nature 
oFthe transparent medium — ^that is^ that the co-efBcient men- 
tioned in the last line of Maxwell's art. (808) has different 
values for different media. As mentioned by Prof. Maxwell^ it is 
generally positive for diamagnetic media; but for many ferro- 
magnetic media it is negative. Verdet^ in the memoir com- 
mencing at p. 163 of voL i. of his works^ has investigated what 
he calls the " Pouvoir rotatoire magn6tique" of a large number of 
substances : that is^ he has found a series of vahics of the 
co-efficient mentioned in Maxwell's article (808)^ all referred to 
the value of the co-efficient for distilled water^ arbitrarily taken 
as unity. Owing to the impossibility of obtaining blocks of 
crj^stalline substances and salts^ which did not act naturally on 
polarized light, all his ex])erimcnts on such substances were made 
on solutions of them^ chiefly aqueous solutions. He found that — 

When a perfectly homogeneom medium {such as a liquid) is a 
mixture of two or more substances which do not act chemically 
on each other, the magnetic rotative power of the mixture is 
equal to the algebraic sum of the magnetic rotative powers of 
its constituents; the action of each being proportional to the 
quantity of it present. 

In his early experiments this law was masked by his not 
remembering the fact that a pound of an aqueous solution does 
not generally contain a pound of water. If^ for instance, a 
pound of salt be dissolved in 100 lbs. of water, a hundred pounds 
of the solution will only contain just over ninety-nine pounds of 
water. M. Verdet, however, almost immediately saw the neces- 
sity of this correction; and, when he had applied it, his experi- 
mental results bore out the above law as closely as could be desired. 

Several physicists, notably M. Bertin, endeavoured to establish 
a relation between the magnetic rotative power of substances and 
their refractive indices ; but at the time of the publication of 
Verdet's works no such relation could be said to be established. f 

• Vol. ii. p. 228. 

t A relation was found by M. H. Becquerel in 1877, see yoI. ii., p. 233. 
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An interesttDg inGtanco of the combined action of two buIj- 
stancee, whose tnagaetic rotative powers are of opposite signs, is 
given by the action of an aqueous solution of perebloride of iron. 

Of this Verdet sajs, " A very weak aqueous solution of this 
salt has a mapniitic rotative power feebler than that of water. 
Ah we concentrate the solution, the rotative power diminisheB; 
it reduces to zero, and ends by changing sign. After the change 
of BJgnj it increases up to the maximum of eoncentration. So a 
solution near that masimuin, which contains 40 per cent, of per- 
chloride, exercises ou polaiized light an action contrary to that of 
water and six or seven times greater." 

The following table gives the " magnetic rotative powers" of 
various Eubstances, that of distilled water being taken aa I'OOO. 



DiaUUed water llWO 

Solution of boral* of soda I'OOO 

„ thltirido ot ralciuni 1'085 

carboDBtaof poWitli M)SO 

„ oitrate of lead Itxft) 

H chloride of iDDgDeitiii ..... l']27 

Bsl ammoniac 1'1B4 

„ piutochloriae of tin 1-343 

„ ohloride uf zinii 1-311 

„ afti Binmoniac 1 371 

„ carbonate of potaiih ..... 1'0S7 

„ cbloride of calcium l'23l) 

„ protochlorida of tin ..... 1-525 

chloride of zinc \hi>f! 

„ protochlorida of tin Stl47 

„ nitrate of amtiioniB Q-^JS 

Chloride of carbon C,Cli 1-364 




I think it would have been better if M. Verdet had adopti 
bisulphide of carbon as his standard in preference to water. 

My own experience of distilled water is that it is a most 
unsuitable substance for a stundai-d, owing to its very feeble 
rotative power, and to the impossibility, not only of obtaining it 
chemically pure^ but of even obtaining two specimens containing 
the same impurities. Bisulphide of carbon is much more suit- 
able for this purpose, as it can easily be obtained nearly pure, 
and, owing t<i its very high rotative power, the magnetic actions 
of small impurities present in it introduce only a very small 
centage of error. 
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Eppicts op thj? Colour op Light on the Rotation pro- 
duced IN A GIVEN Medium by a given Magnetic Force. 

It was for some- time believed that with a given medium and 
magnetic force, the rotations varied inversely as the square 
of the wave-length of the light. I believe this was announced as 
a law by M. Edmond Becquerel. 

Verdetj however, has shown that this law, though approxi- 
mately, is not accurately true. 

The following table * gives the relative values of the rotations 
corresponding to the five Fraunhofer lines, C, D, E, F, G, for 
varions substances ; the rotation for the ray E being taken as 
unity. 



Distilled water 

Solution of chloride of calcium 
Solution of chloride of line 
Solution of protochlonde of tin 
EMWfnce of bitter almonds 
Ertsence of anise seed 
Bisulphide of carbon 
Creosote of commerce 
Escience of laurus cassiie . 



Mean 






D 


E 


F 





0-63 


0-79 


! 1-00 


1-20 


165 


0-61 


0-80 


1-00 


M9 


154 


0-Cl 


078 


100 


M9 


1-61 


f» 


0-78 


1(X) 


1-20 


1-59 


0-61 


0-78 


1-00 


1-21 


»f 


0-58 


075 


1-00 


1-25 


» 


0-60 


0-77 


1-00 


1-22 


165 


0-60 

1 


76 


100 


1-23 


169 


0-59 


0-74 


100 


1-23 


»» 


0-604 


0-772 


100 


1-213 


1-605 



The exact law of the inverse ratio of the square of the wave- 
length would give the roUitions 

D E P G 

0-64 0-80 100 1(J8 loO 

We see from these figures that the magnetic rotation of the 
plane of polarization of rays of different colours follows approxi- 
mately the law of the inverse ratio of the square of the wave- 
lengths. 

The exact law of the phenomena is always such that the pro- 

• Verdet, T. i., p. tOQ. 
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duct of the rotation, by tUe square of the len«^th of the wave, \ 
coutinucs to increase from tlie red to the blue end of the j 
spectnim. 

The substances for which this increment is most sensible are \ 
nlsiJ those whiuh have the greatest dis]»ersive power. 

Several mathematical explanations o£ this deviation have beei [ 
attempted, but I am not aware that any of them agree very j 
eliisely with experiment. 

I wi!! now pass on to some of the details of my determiaatioa I 
in nbsoiute measurement of the magnetic rotative power of 
bisulphide of carbon — that is, the "co-efficient" mentioned by ' 
Maxwell in the passage quoted, vol. ii., page 224, 

Vehdet's Constant.* — Plate LI. 

To determine this constant (Maxwell, Art. SOS) it was necessary 
to know, in absolute measure, the difference of magnetic potential 
nt the ends of the column of bisulphide of carbon which 
corresponded to a certain rotation of the plane of polarization of 
a ray of given wave-length. 

For this purpose the bisulphide was enclosed in a tube with 
glass ends, about two feet long, which was placed horizontally 
inside a helix about one foot long {belonging to the electro- 
magnet, fig. 153, vol. ii. p. 13), and contiiining 35 lbs, weight of 
insulated copper wire. The tnbe thus projected at each end. 
Now the difference of magnetic potential due to a given current, 
at points on the axis of a helix and beyond its ends, can ba 
calculated from the number of windings in the helix. 

But the number of windings on the helix was not known. 
It wuB therefore determined by the process of comparison givea 
In the Appendix to Chapter XXX., vol. ii. p. 6 ; it was found. 
to be 1028-15. 

To determine the strength of the currents used for the optical 
experiments, a small magnet and mirror was suspended outside 
the helix (which thus became its own galvanometer), and observed 
by a telescope and scale. 

In order to determine the strength of 9. current in a helix 
from the deflection of a needle outside, it is neccssaiy to know 
ihe sum of the areas of the windings of the helix. This was 

• Phil. Tinn*. 1877, Part I,. (.. 7. 
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Plate LT. — verdet's constant. 
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determined by the process given in vol. ii. p. 10, and found 
to be 77453 sq. centima 

Thk Liuut. 

Th« light was obtained by throwing a spectrum from a power- 
ful puaffiti lamp and large bisulphide of carbon prism upon 
a card. A slit in the card admitted any desired colour into the 
Nicol. To localize the light, the lamp was removed and a spirit 
flame coloured irith thallium was substituted, ^^'hen the green 
line had been adjusted on the slit, the luntei'n, leus, and prism 
were clamped, and the lamp being replaced, the light admitted 
bad the same wave-length as the thallium ray, for which 
X = (6-349) 10-* ceiitiuii." 

The light was polarized by a Nicol's prism, rendered parallel 
by a coUimating lens, and analyzed by a Jellett's prism, which 
moved in a divided circle. 

Plat« LI. is a ground plan of the laboratory, allowing the 
general arrangement of the apparatus. 

The following was the arrangement of 

The Jei.lett axd Circle. 
The JelUtt prism f consisted of a. piece of Iceland spar, of 



D 




n'hicbtl>L'cniiB were cut normal to the sides (fig. 245). It was then 
divided by a plane, making an angle of about 1° with the plane 
containing the two long diagonals. One half was reversed, and 
the two cemented together again (fig. 24C). 

• Walt*' " Indei of Spectra." 

f TIiIh priira ii dMcribed bj Profe^ior Jellelt in the " Transaction! of the 
Royal Irieh Acadrmj," toI. xxv., 1875, p, 371. Profewor Jellelt had the kind- 
ness to kdviM the aathur as to tlie furiu of bis iniitruaieDt be&t luitcd to thin 
invcsUgstioo. 
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The prism was mouDted in a brass tube, and a diaphragm, with 
a hole of some 3 or 4 millims. diameter iu it, through which 
polarized li{jht was admitted, was placed across one end. Oa 
looking in i'rom the other end of the prism, the bole was 
seen by the ordinary rays in the form of a circle divided 
by a line across it, the light of the two semieiri'les being 
polarized in planes making with each other an angle of about 2°. 

The image of the hole formed by the extraordinary rays 
consisted of two Bemicircles, one to the right and the other to the 
left of this circle {fig. 247). 

A second diaphmgm hid the latter. Now when light that has 
passed throtijjh a Nicol is examined with this prism, and the 

« latter turnwl so that the light of one 
half of the circle is extinguished, the 
other hfilf is slightly illuminated. If 
the Jellett be turned through rather less 
than two degrees, the second half of the 
circle will become dark, and the first will 
be slightly illuminated. 
It is obvious that there Is a position 
between these two where the illumination 
over the whole circle is uniform, and this 
position can be observed with considerahle 
Bceuracy 



Fig. i47. 

in this research the probable 
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rangements that were 
s about 1'. 
The divided circle was made for this iuvesligation by Mr. 
Browning, and ia about \4- centims. diameter. The circle turns 
against two fixed verniers. It is divided on brass to 1°, and the 
verniers read to ^°, i.e. to 3'. By estimation 1 can be read with 
perfect accuracy. It is moved by a sci-ew of long pitch, working 
ill a thread cut round its edge. This gives a sufficiently quick 
motion to enable changes in the illumination of any part of the 
field to be noted, and is yet capable of very delicate adjustment. 



Earth's Horizoktal Maqnetiu Force. 



The values of the current deduced from the deflcetioDs 
magnetic needle only give the ratio of the current to the earth's 
horizontal magnetic force, H, at the time and place nf ohser- 
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vaiioD. Id order to know the absolute value, it is necessary to 
know H. 

A continuous record of the variations of H is kept at Kew 
Observatory. To know H at the times and place of the optical 
experiments, the values of H at Kew were taken from the Kew 
tables and multiplied by the ratio of the force at Kew to the 
force at the author's laboratory at Pixholme^ Dorking. To 
determine this ratio^ the same magnet was vibrated at Kew and 
nt Pixholme,* and after a somewhat elaborate series of corrections 
had been applied^ it was found that 

H at Pixholme = (-993360) H at Kew. 
F0EMUL.\. 

Designating Verdet's constant by the letter o) we have the 

following formula for co- 
ay is the rotation of the polarized ray expressed in circular 

measure l>etween two points in its path^ whose magnetic potentials 

differ by unity ; thus 

e 



0» 



V,. - Vm 

where L and M are the ends of the tube aud Q is the observed 
rotation of the plane of polarization expressed in circular measure. 

Result. 

The following was the final result of the experiments : — 
The mean of the three numbers given below had afterwards to 
be multiplied by numbers depending on the area, number of wind- 
ings, and length of tube. These numbers, however, are three 
separate determinations of tlie ratio which the rotation, R^ of the 
plane of polarization bore to the strength of the current, which 
latter is proportional to II multiplied by the tangent of the 
deflection of the needle. 

If the experiments had been absolutely correct, these three 
determinations would have been identical : as it is, we have — 

„ -, rl . . 60118*41 Mean 



fl . . 5()118*4) Mean 
— hi . . 497670 > 49808-0 
(3 . . 49538-7 J 



H tan d 

Extreme difference 0*6 per cent, from the mean. 

• See vol. i., p. 174. 



[ 3 2 Electro- Optics. 

The actual rotations obtained iu Uie esperiments were 

Bat. I R> Orora'a colli. 



Wehavefinally, if (0 be the rotation in bisulphide of carbon of tl 
plane of poInrizaitioD of the ray whose wave-longih is 

X = (e340) 10-' 

between two poiLte whose magnetic potentials diRcr by unin 
*. = 3'0i763 (10-'). 
The dimensionB f of the constant are 
[«] = [M'* L'* T], 

for it IB a nitmber divided by a current, or, by what is ofthesai 
dimensions, a diRerence of magnetic potential. 

This is Verdet's constant in absolute measure. For light of 
a given wave-length passing through a given substance, it is a 
fixed and dtfiuite physical quantity, depending only on the units 
of length, mass, and time. J 

w, then, is defined to be Veidet's constant for the thallium 
ray in bisulphide of carbon, expressed in C.G.S. measure. 

I may also here insert the result of a former paj^r of mine on 
the same subject. It is that for distilled water with white light.,, 

u = 4-496 (I0-').§ 

I do not, however, attach much value to the result, as 
different determinations are in the ratios of 

7-563, 7-406, 8-296. 8-401, 6-fll6, 

showing variations from the mean of ±7 per cent., or glvi 
only about ^ of the accuracy of the present paper. 

The methods used for determining the coustantu were t 
susceptible of less accuracy. 

• 2 K is the differenc-e of the cirtle readings when the current w. 
■Dd 18, of course, double the rututiuu produced bjr it. 

t See vol. ii., p. 180. 

\ Tbe iiis);iietic rotntiie power of bieulpLidc of carbon herecomM infl 
same way on tbe specifiti heat of water comes into Joule'ii eguivsleot. 

§ B; on eiTor in arithmf^tio this wa« printed 10"' in the abatmet of || 
pftp«i published ia tbe Froc. Boy. Soc., June, 1X76. 
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Effect of Terrestbial Magnetism on Light. 

In the '"Comptes Rendus "for 1878/ M. Henri Becquerel 
pointed out that from these results we can calculate what 
would be the effect of the earth's magnetism on light in certain 
media. 

If a canal one mile long were dug from north to south near 
Kew, and filled with bisulphide of carbon^ a ray of the green 
polarized light experimented on entering at one end would, by 
the action of the earth's magnetism, have its plane of polari- 
zation twisted just 50^. If the canal had been full of distilled 
water, the twist would have been about 7i°. 

II. BEcquERKL's Experiments. 

On July 10, 1876, M. Henri Becquerol presented to the Paris 
Academy of Sciences a paper entitled '' Recherches Exp^ri- 
mentales sur la Polarization Rotatoire Magnetique.'' f 

The first portion of the paper contains an account of a 
comparison between the magnetic rotative powers of different 
substances, that of bisulphide of carbon being taken as unity. 

M. BecquereFs experiments were made on yellow and on red 
light, according to the colours of the substances used; but I think 
we may fairly assume that the ratio between different substances 
is approximately the same for all kinds of light. 

On this assumption we can calculate from M. BocquereFs table, 
and from my measurement of Verdet's constant, what the rotation 
in circular measure would be in each substance for the thallium 
ray between two points wl:ose magnetic potentials differ by 
unity. See next page. 

Relation between the Index of Refraction and the 

Magnetic Rotative Power, 

In the same paper M. Becquerel has shown that for the 
same groups of substances the following relation approximately 

holds: — 

R 

— — — = const. 

where R is the magnetic rotative power and /i the index of 
refraction. 

• T. Ixxxvi. p. 1077. 

t " Ann. de Chem. et de Phyn., 1877, 5- Serie," torn. xii. p. 5. 
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Table or MAONsnc Rotative Powers {eoniinHe^. 
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The constant, however, has very different values for different 
groups of substances. 

Rotation op Different Rays. 

M. Becquerel has found that for the same substance the 
relation between the magnetic rotation of different rays is ex- 
pressed very exactly by the formula — 

RX* 

= const. 



m'(m*-i) 



where X and f& are the wave lengths and refractive indices for 
the different rays respectively. 

Now, for bisulphide of carbon we hav< 



Bay. Wave length.* Refractive Index. 

D . . . . 5 892 . 1 6333t 

E . . . . 5-269 l-6466t 

Green Thallium . 6'349 . 1-6448J 

Hence we have that the rotation of any ray whatever in 
bisulphide of carbon, between two points whose magnetic 
potentials differ by unity, will be in circular measure. 

_ (1-6448)') (1-6448)' — 1| (3-04763 x 10'') X* 

*" (5-349 X 10-*j' ' ftV* — 1) 

= 5-9966 X 10* . ^' 



Ay^ - 1) 



Rotation in Vapour. 

In the Philosophical Magazme for March, 1879, Professors 
A. Kiindt and \V. C. Rontgen publish an account of some 
experiments in which they hava succeeded in obtaining a 
magnetic rotation of the plan6 of polarization of light in the 
saturated vapour of bisulphide of carbon at a temperature of 
100° C. They first used a column of vapour rather more than 
1 metre long, then one of 2*4 metres. A set of helices, contain- 
ing 2400 turns of wire, and a battery of sixty-five Bunsen cells 

• Watt's " Index of Spectra." 

t Everett. " Units and Physical Constants," p. 72. 

X By interpolation. 
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were employed. They oLtained a distinct rotation^ which they 
estimate at about \^> At the time when this paper was 
written they had not as yet succeeded in obtaining any 
efiect with air^ but had seen a rotation in gaseous sulphurous 
acid at 100^ C, and a pressure of twenty atmospheres, and in 
salpharetted hydrogen gas at a pressure of twenty atmospheres 
and ordinary temperature. 

Rotation is Gases. 

On March 31, 1879, M. Henri Becquerel* announced that he 
had measured the amount of rotation obtained with various 
pises. The apparatus consisted of a copper tube, three metres 
long, containing the gas and surrounded by six helices each half 
a metre long, and each containing about 15 kilos, of copper wire 
three millims. in diameter. 

The light of a lime-light was used, and by means of reflectors it 
was caused to travel nine times along the tube,t so that it 
passed through 27 metres of gas. 

With coal gas and yellow light, a double rotation of + G*'8 was 
observed. With the same magnetic force, under the same 
conditions, bisulphide of carbon gave a rotation of -f 513° or 
30,780'. The ratio of the rotation of coal gas to that of 
bisulphide is about 

+ -00022 

On multiplying my value of Verdct's constant by this ratio, we 
find that between two points in coal gas, whose magnetic 
potentials differ by unity in C.G.S. measure, the green light of 
thallium would have its plane of polarization twisted 

6 X 10-» 

of a unit of circular measure.:!: 

Some experiments on oxygen showed that its " magnetic 
rotative power '* is negative, or opposite to that of bisulphide of 
carbon and of coal gas. 

• " Comptes Bendus/' torn. Ixxxviii. p. 709. 

t See vol. ii. p. 207, fig. 239. 

X The calculation comes ont 6*732 x 10~', but M. Becquerel informs me 
that he does not consider his result trustworthy to more than the first 
figure. 

80 
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BOTATIDK in GaSBS— KOXDT AND RoNTORN's ExpEBEMESTS, 

On May IS, 1S79, a paper by Messrs. Kilndt and Rfintgen 
was read before tbe Munich Academy," in which the authors 
oiiDOunee that they have succeeded in measuring the tnn^etic 
rotative powers of various gases. 

The gases were examined at a pressure of 250 atmospheres. 

Tliey were contained in a copper tub? I'S metres long, three 
millims. internal and ten millims. external diameter. The glass 
ends of the tube were kept in position by a steel screw press at 
each end. This arrangement was so successful that when the 
tube was filled with gas at a pressure of 250 atmospheres, 
no appreciable loss occurred even in twelve hours. 

It was found that tbe pressure so strained tbe g;Iass ends 
that they bec.ime doubly refracting. For this reason plates of 
tourmaline were used as the polarizer and analyzer, and were 
placed in the tube ins'uh its ends. 

One was fiKcd to tbe end which was clamped, and the other 
was rotated by turning tbe whole tube with the exception of the 
end to which tbe analyzing tourmaline was iixed. 

Six large helices, connected as one, were placed outside the 
tube. 

Tbe current was measured hy leading it through a small helix, 
surrounding a short tube containing bisulphide of carbon, and 
observing the rotation. 

'llie actions of the two helices were compared by removing the 
gas tube and placing in the large helix a long tube containing 
bisulphide of carbon. 

The amount of rotation was measured by a mirror and 
telescope. 

Tbe compression was commenced by means oF an ordinary 
pump, and completed by forcing glycerine by means of a 
hydraulic press into a large iron reservoir connected to the gas 
tulK. 

As 110 manometer would accurately measure these high 
presBures, they were computed hy a comparison of the volume of 
tbe tube with the volume occupied by a known fraction of the 
compressed gas after expansion. 



• " Ui'W die elpdn 
LiclitM ill di'in Giisrii, 
x\\ .MUiiclien, 1670, ii. 



inn^iK^tiivlic Divliiiiii^ der Pularixationiwhciie it<-« 
vnn A. Kiindt iind W, C. Roiitgen. BilKung-U'r. 
■JliLtli. riiys.,"i.. MS. 
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It vas fonnd tbst the gas was opaque for several hoars after 
being compressed. This was caused by the fact that the gas was 
heated by compression, heated the sides of the tulic, and caascd 
naequal refractions. To hasten the cooling, the tube was 
■arroonded by a jacket through which Rowed a Btrenm of cold 
water. 

Results. 

It was found that^ 

(1) Aimotpkerie air, orifgen* uitrofffn, carbonic oj'uU, earbonie 
aeid, coal gat, etkyl, and marak gai, all turn ike plane of 
potariiatioH in fie direclion of Ike mnffnetiztng curreul — that it, 
tkal tkeir rotation u in ike tame direction at thai of Kaler and 
hUulpkide of carbon, 

(2) Tkat ike amouul if roialion, under ike tame drcuiattuucet, 
rariei greatly in different gatet. 

(3) Tkat in any gat, under limiUr circumttancei, tke rolaiion it 
proportional to tke deniitf. 



The following is a general table of the results : 



flu. 


P^™ 


»,»«.. 


" number 


Si. 

or carbon. 


» rolntioo in 

nftbBniwntlml- 
llDiD mv betiTMii 
l«up-,lnl.wh™a 
mupwlic DO"*"- 
UaJs.llHBrb.vBbilT 
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EUounld 
Cure u> be 


.;si 
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!Se 
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na 
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.-.»=..„, 
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»'„I-» 


.» 


«.„,. 
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„■„= 


1-M-.-.' 


»»■ 


™.». 


7 8W3lKlO-> 
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uaioiM 


!»3I'tDS''IE' 


JWl 


«>,„ 


u..,«.,f. 



* We nn that this re«nlt Joe# not agree with M. Becquerel'i. 
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Professor Hbntgen, in a letter dat«(l April 2H, 1880, has sent 
me the results (not yet published) of a further investi^tian of 
Uie same subject by himeelf and Prof. Kiiodt. 

They have compared the action of the gases with the action of 
a tube of water of equal length. The water tube was compared 
with bisulphide of carbon. They fonnd the following numbers. 
S and 01 have the same meanings as in the above table. 





OuH«Il. 


NUroxen. 

•000127 


Air. 


HjdrogBn. 


C«baiinOiId>. 


s 


■000109 


■000127 


■000132 


■000232 


- 


3322 xlO-" 


3*870x10* 


3-870 X 10-' 


4023x10' 


7-060x10' 



Effect ok Earth's Maqnetisii. 
From B comparison of their results with those of myself and 

of M. Becqueiel, Messrs. Kiindt uud B.ontg°ii calculnte what 

would be the rotation produced in atmospheric air by the action 

of the earth's magnetism. 

They find that light travelling in a north and south direction 
luld have to pass through 253 kilometres, or 158 miles, to bo 

rotated 1*. 

Rotation in Air caused by Eartu's Magnbtisu — Becquekel. 

On Nov. 17, 1879, M. Henri Becquerel announced to the 
French Acitdemy ■ that he had succeeded in observing a rotation 
caused by the action of the earth's magnetism on the atmosphere. 

It ia known that the light of the sky is polarized in a plane, 
sensibly coinciding with one passing through the sun, the 
observer, and the poi iit of the sky observed, and we will in future 
call this plane the " plane of the sun." 

M. Becquerel first discusses the fact which be has discovered, 
that this coincidence is not exact; he then goes on to show that, 
if no disturbing cause interfered, the plane of polarization and 
the plane of the sun would coincide when the sun is vertical. 

It ia found, however, that there is a small angle between the 
planes, and this angle is caused by the action of the earth's 
magnetism on the air. 



" CompkB Eendm," (om. liiiir, p. 838. 
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Tlie following determinations were made : — 



1 

Pointe kx>ked tX, 


AppAr«nt tenith 


Obfienred 
roUtion. 


Haxlmnm 

probable 

error. 


Point on the Southern > 
horizon . ) 

Point on the Northern \ 
horizon . ) 

Point on the Routh 7 
magnetic meridian ) 


85*^0' 

86° 26' 

C85°-2i/ 
1 87°-2r 


OP-22' 

0^-24,' 

0^-42' 
0^ 69' 


±6' 

+ 12' 
± 15' 



No rotation could be obeerved in a re*j^ion iHjrpendiciilar to the 

compass needle. 

Theory. 

The explanation of the phenomena of magnetic rotation of 
polarized light is still exceedingly obscure ; and it is not likely 
that any complete explanation can be offered until we know a 
^reat deal more of the nature both of ma<^netism and light than 
we do at present. Prof. Maxwell * has given a provisional expla- 
nation which is based on the following reasoning : — 

We know that two uniform circular vibrations of the same 
amplitude^ having the same periodic time, and in the same plane, 
but revolving in opposite directions, are equivalent to a rectilinear 
vibration whose direction passes through the points where two 
particles describing the given circular paths in the given manner 
would pass each other. 

We also know that if we accelerate either vibration, we turn 
the direction of the equivalent rectilinear vibration in the 
direction of the added motion. f This acceleration may be pro- 
duced by a motion of the medium in which the vibrations take 
place. 

Such motion, which must be rotatory, may be either a motion 
of the medium or of sensible portions of it as a whole, or it may 
be motions of the molecules of the medium. 

• "Electricity," 811, vol. ii. p. 402. 

t I have not given any explanation of the theory of the composition of 
vihrationB, as it wonld he out of place in a work on Electricity. There is an 
very clear explanation of it in Mr. Spottiswoode's work on Polarization, hefore 
mentioned. To thin the student is referred, as it is impossible to understand 
the relations between electricity and lij^ht withotit a previous knowledjje of 
the elementary phenomena of polarization. 
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CommoQ experience shows us that there is no motion of sen- 
flible portions of the medium ; any rotatory motion, then, which 
exists must be rotations of the molecules on their own axes. 
Such motions, though not able to produce an effect on any 
substance perceptible by ordinary methods, may possibly he 
rendered sensible by the delicacy of the mode of investi^tion 
afforded us by the use of polarized light. 

The theory which ascribes magnetic and other effects to the 
iwtatury motion of the molecules is called " the theory ol' 
molecular vortices." — For aa account of it the reader is 
referred to Maxwell's "Electricity" (arts. 822-S31), vol. 
ii. pp. 408-117 — the theory being far too complex and too 
purely mathematical to l>e discussed in this work. Here, bow- 
ever, are two quotations from Prof. Maxwell which I may fairly 
introduce : — 

"We have been hitherto obliged to use language which is 
perhaps too suggestive of the ordinary hypothesis of motion in 
the uiidulatory theory. It is easy, however, to state our result 
in a form free from this hypothesis, 

"Whatever light is, at each point of space there is something 
going on, whether displacement, or rotation, or something not 
yet imagined, but which is certainly of the nature of a ' vector' 
or directeil quantity, the direction of which is normal to the 
direction of the ray. This is completely proved by the pheno- 
mena of interference. 

" In the case of circularly -polarized light, the magnitude of 
this vector remains always the same, but its direction rotates 
round the direction of the ray, so as to complete a revolution in 
the periodic time of the wave. 

" The uncertainty which exists as to whether this vector is in 
the plane of polarization or perpendicular to it, does not extend 
to our knowledge of the direction in which it rotates in right- 
handed or in left-handed circularly-polarized light respectively. 
The direction and the angular velocity of this vector are perfectly 
known, though the physical nature of the vector and its absolute 
direction nt a given instant are uncertain, 

"When a ray of circularly- polarized light falls on a medium 
under the action of magnetic force, its propagation within the 
medium is affected by the relation of the direction of rotation of 
the light to the direction of the magnetic force. Prom this we 
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ooodiide, by the reasoning of Art. 820 [Maxwell's ' Electricity 'j 
that in the medium, when under the action of magnetic force, 
some rotatory motion is going on, the axis of rotation being in 
the direction of the magnetic forces ; and that the rate of propa- 
^tion of circularly-polarized light, when the direction of its 
vibratory rotation and the direction of the magnetic rotation of 
the medium are the same, is different from the rate of propagation 
when these directions are opposite. 

** The only resemblance which we can trace between a medium 
through which circularly-polarized light is propagated, and a 
medium through which lines of magnetic force pass, is that in 
bodi there is a motion of rotation about an axis. But here the 
resemblance stops, for the rotation in the optical phenomenon is 
that of the vector which represents the disturbance. 

'^ This vector is always perpendicular to the direction of the 
ray, and rotates al)out it a known number of times in a second. 
In the magnetic phenomenon, that which rotates has no pro- 
perties by which its sides can be distinguished, so that we cannot 
determine how many times it rotates in a second. 

^' There is nothing, therefore, in the magnetic phenomenon 
which corresponds to the wave-length and the wave-propagation 
in the optical phenomenon. A medium in which a constant 
magnetic force is acting is not, in consequence of that force, 
filled with waves travelling in one direction, as when light is 
propagated through it. The only resemblance between the op- 
tical and the magnetic phenomenon is that, at each point of the 
medium, something exists of the nature of an angular velocity 
about an axis in the direction of the magnetic foree.'^ * 

The second quotation follows a mathematical discussion of the 
theory of molecular vortices. 

" I think we have g^ood evidence for the opinion that some 
phenomenon of rotation is going on in the magnetic field ; that 
this rotation is performed by a great number of very small por- 
tions of matter, each rotating on its own axis^ this axis being 
parallel to the direction of the magnetic force, and that the rota- 
tions of these different vortices are made to depend on one another 
by means of some kind of mechanism connecting them. 

*' The attempt which I have made to imagine a working model 
of this mechanism must be taken for no more than it really it 

• ** Electricity/' 821, yoI. ii. p. 407. 
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a demonstration that mechanism may be imagined capable of 
producing a connection mechanically eqaiyalent to the actual 
connection of the parts of the electro-magnetic field. The 
problem of determining the mechanism required to establish a 
given species of connection between the motions of the parts of 
a system always admits of an infinite number of solutions. 

'' Of these^ some may be more clumsy or more complex than 
others^ but nil must satisfy the conditions of mechanism in gene- 
ral. The following results of the theory, however, are of higher 
value : — 

" (1) Magnetic force is the efiect of the centrifugal force of the 
vortices. 

'' (2) Electro-magnetic induction of currents is the efiect of 
the forces called into play when the velocity of the vortices is 
changing. 

" (3) Electro-motive force arises from the stress on the con- 
necting mechanism. 

" (4) Electric displacement arises from the elastic yielding of 
the connecting mechanism.'^ * 

• " Electricity," 831, vol. iL p. 41©. 



CHAPTER XLVII. 

DB, kerb's DISCOVEBIES. 

Relation between Statical Electricity and Polabized 

Light. 

In the Phil. Mag. for Nov. 1 875, Dr. Kerr, of Glasgow, announced 
a very remarkable discovery. 

He finds that when glass and certain other dielectrics are 
subjected to an intense electric strain, they acquire the power of 
double refraction, and hence convert plane into elliptic ally 
polarized light. 




Fig. 248. 



In his first experiments a piece of thick plate-glass (fig. 248) 
had two holes drilled from its edges parallel to its faces, to within 
J inch of one another. Wires inserted in these were connected to an 
induction coil, and light polarized in a plane at 45° (fig. 249) to 




— a 



a a line of electrio itmin. 
b 6,b V dir«ction of optical Tibrations. 
Bay of light perpendicular to plane of 
paper. 

Fig. 240. 



the line of the wires passed perpendicularly through the glass, and 
was received in a second Nicol placed so as to extinguish it. 
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When tlie coil is worked, sparks puss in the air between \ 
ordinary dtsclmrging rods, and the gloss is suhjeoted to a sti-eacl 
which inci-eases as the discharging points are drawn furtbi 
apart. 

As soon as the points are Fur enough apart for the streea to I 
considerable, the light reappears and cannot be extinguished 1 
any rotation of the NicnI. 

If the angle between the plane of polarization and the line o 
electric stress difl'ers from 45°, the effect diminishes and 
becomes zero when the angle is 0" or 90°. 

In a second paper,* Dr. Kerr announces that he has siicceed«J 
in obtaining the efTcct with the following liquids ; — 

Bisulphide of carbon, lienzol, paraffin, and kerosene oils, oil i) 
turpentine and olive oil. 

Since Dr. Kerr's discovery was first annoiinceil, I have, by t 
use of larger apparatus (fig. 250} than that which then waai 




Dr. Kerr's disposal, succeeded in so magnifying the effect as ( 
enable me to project it on a ecrecn by the electric light, so that iq 
was clearly seen by a large audience at the Royal Institntion OH 
Feb. 6, ISJ79. 

The images of the points were about 1^ inches apart, and N 
patch of white light about 3 inches across appeared on the scree 
when the coil was worked. t 

• Phil. Msg.. Dfc 1875, p. 4W. 

t Wbrn relienrsing the «i]iFniiieiit the day before the lecture, tlie eleetn 
static itrMs was avcideutally allaned to become etrong enough to perfbn 
the gUsH. Immediately before perforation there occurred soDie very temirkd 
able e fleet B. 

First appeared a patch of orniige-hrown light about 6 or 7 inches (I lametar^ 
Thin at once resolved itself into a series of four or five irregular concentric ri 
dark and orange-brown, the outer one being perhaps 11 inches iu 
In about two seconds more theie vanished and were succeeded by ■ hog 
bliiok crow about 3 feet bi-i'obb. seen on a faintly luminous ground. 
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In the Phil. Mag. for August and September^ 1879^ Dr. 
Kerr describes a later and more extended series of experiments 
on the same subject. All the dielectrics were liquids^ and were 
contained in a specially constructed cell ; and the electricity was 
obtained from a common plate machine. Dr. Kerr concludes 
his papers with the following summary of results : — 

'' (1) When an insulating liquid is traversed by electrostatic 
force^ it exerts a purely birefringent action upon transmitted 
light. In relation to this action^ liquids are divisible into two 
classes, the positive and the negative. 

'^ (2) Positive liquids act as glass extended in adirection parallel 
to the lines of electric force^ or as plates of quartz or other 
positive uniaxals with axes parallel to the lines of force. 
Bisulphide of carbon is the best example. 

'^ (3) Negative liquids act as glass compressed in a direction 
parallel to the lines of force, or as plates of Iceland spar or other 
negative uniaxals with axes parallel to the lines of force. Oil of 
colza is one of the best examples. 

'^ (4) In the following table the positive liquids are arranged as 
nearly as possible in the descending order of electro-optic power, 
the larger and clearer intervals being marked by separating 
lines. The negative liquids are not so arranged ; but colza and 
seal oils are certainly among the strongest, and linseed is the 
weakest. 



of the cross were along the planes of polarization, and therefore (the 
experiment being arranged according to Dr. Kerr's directions) were at 45° 
to the line of stress. 

The glass then gave way, and all the phenomena disappeared except the 
extreme ends of the cross ; and the discharge through the hole, where the 
glaiw had been perforated, was alone seen. 

The phenomena was seen bj Mr. Cottrell, by Mr. Valter (the second 
assistant), and by myself. A fresh glass plate was at once drilled, in hopes of 
repeating the experiment in the lecture next day, but, owing to sparks spring- 
ing round, we did not succeed in perforating the glass, and therefore saw only 
the faint return of light described by Dr. Kerr. 

I have since made a g^at many more experiments, and have destroyed a 
good many expensive glasses, but in every case perforation has occurred 
suddenly, instead of gradually, and therefore I have never succeeded in repro- 
dociDg the effects. Proc Roy. Soc., Feb. 13, 1879. Compare vol. ii. p. 253. 



24S 



Electro-Optics. 



Cumol. 

Paraffin oil (ap. gr. ■ 

Carbon dlchlaride. 

Xylol. 

Toluol. 



Fixed oils of vegetable > 

Colza, 

SwMt almonds, 

Olive, 

Poppjr-teed, 

B&pe-seed, 

Nut, 

MuiUrd-BBfd. 

Linaced. 
Fixed oils of snimal ori| 

Seal, 

Codliver. 

Nests fuot. 



PsrniSn-oil (»p. gr. -814, 
Sperm- oil. 
Terebene. 
Brom toluol. 

Talerio scidP 

" The birefring'ent actions of tlifsc twenty-six dielectrics have 
been observed repeatedly; they are perfectly regular, and, to 
sense, perfectly pure. Valeric acid alone is 80 faint as to be 
doubtful. 

" (5) All the negative liquids yet known belong to the class of 
the fiied oila. Sperm-oil holds an exceptional place, being 
elearly positive. 

"((3) Theinfluence of density on electro-optic power is marked 
and certain in the case of the paraffia oils, increase of density 
being accompanied by increase of electro- optic power. 

" (7) In bisulphide of carbon and severni other liquids, electro- 
optic naeasiii'cments are manageable through long ranges of 
potential and optical elfect. 

" (8) Stannic chloride exerts a very strong optical action under 
electrostatic force ; but the character of the effect is not yet 
certainly known. 

" (9) Of the forty or more liquids yet examined in the plate 
cell, there are none that exhibit any moderate degree of insulating 
power except the twenty-seven now named in (4), (8). This 
appears to justify the generality of the statement made in (1). 

" (10) When nitrobenzol is traversed by an intense electric 
current, it exerls a purely bircfringent action on transmitted light, 
llie action is similar to that of a positive uniaxal plate with axis 
parallel to the line of discharge." 
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Prof. B5nto£n'8 Experiments. — Plate LII. 

On December 81, 1879, Prof. W. C. Rontgen of Geissen gave 
an account * of a repetition of Dr. Kerr's experiments which he 
has made on a large scale. 

Prof. Rontgen used large Nicols^ a powerful lime-light, and a 
glass cell twelve centims. high, six wide, and three thick, filled 
with bisulphide of carbon. The electrodes were so arranged that 
the lines of force were vertical. 

Magnificent effects were observed. When the electric machine 
was worked, the light returned so intensely that the eye could 
not bear to look at it. 

These beautiful eflects were obtained, not only when the planes 
of the crossed Nicols were at 45° to the vertical, but when they 
were parallel and perpendicular to it. 

This at first sight appears not to agree with what Dr. Kerr 
has stated, namely, that there is no restitution when the planes 
are parallel or perpendicular to the lines of force, and a maximum 
when they are at 45° to them. 

An examination of Plate LII. will, however, show us that this 
discrepancy is only apparent. 

Figs. 1, 3, 5, show the effects obtained with different electrodes 
when the planes of the crossed Nicols were at 45° to the vertical — 
called " Position I.'' of the Nicols. 

Figs. 2, 4, 6, show the corresponding effects when the planes 
were vertical and horizontal — called "Position II.'' of the Nicols. 

Fig. 1. — The electrodes consisted of a brass plate at the bottom 
of the cell, connected to earth, and a brass ball one centim. in 
diameter above it, connected to the electrical machine. 

"We see that the greater portion of the field is illuminated, 
the middle most brightly. Tliere are, however, two dark 
"tails'' (Schwanze) which curve downwards from the sides of 
the ball. 

The directions of these tails pass through the centre of the 
ball, and leave its surface at angles of ± 45° with the vertical. 

When the liquid in the cell is not quite clean, the dust 
particles arrange themselves along the lines of force and allow 
the direction of the latter to be seen. The lines of force are 

• " Ueber die von Herm Kerr gefandene neue Beziehung zwischen Licht 
und Blektricitat," xix. Ber. d. Oberh. Gesellsch. f. Natur- u. Heilk, p. 1. 
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vertical at the centre of the field ; but afi they start from eaf 
ponton of the haU nt ri^ht ang'les to its Eurface,* and curnV 
round to the pUte, they must be in all directions at difierenn^ 
parts near the ed^ of the field. 

The dark tailt are the " locui" of point » where the tangent to /i 
llneg of force it parallel or perpendicular to tie jilane 
palariiation. 

Fig. 2 is complementary to tig. I. The lines of force and tb< 
plane of polarization are parallel or perpendicnlar to each otbei 
the centre of the field, and consequently there ts a vertical dark linei'l 
at the sides they are at 45°, and therefore those regions ai»fl 
brightly illuminaled. 

In Dr. Kerr's experiments a small field only was used, andJ 
consequently, when the planes of his Nicola were vertical andlj 
horizontal, he saw no light, because he was looking at the regim 
occupied by the vertical dark band in fig. 1. 

Thus Prof, Rontgen's experiments entirely confirm Dr. Kerr**] 
discovery, that the electricity exercises its maximum effect oag 
the light when the line of force and the pl.ine of polarizationa 
make an angle of 45°, and that there is no effect whatever wheik, 
they coincide or are at right angles. 



Ekfect of Strained Glass Compensatoe. 

When glass is so strained ag to make It act like a crystal < 
opposite sign to the dielectric, it pi-odnccs reversed effects, or, i 
used with the dielectric, it more or less compensates the electr 
optic effect according to the amount of strain. 

When a. piece of glass is inserted in the beam of light pro 
ducing fig. 1, and is compressed verticilly, the tails gradually g 
together and finally join, and form one band similar to that \tM 
fig. 2, If the compression is still further continued, the tail il 
apparently drawn up to the ball, and at last disappears. 

"When the glass is compressed horizontally, the revers 
appearance is produced, the middle of the field becomes bright«rf4 
and the sides darker, and the tails bend outward. 

When the Nicols are in Position II., no effect is prwluced brl 
compressing the compensator in a vertical or horizontal direction. I 



• For the surfwe of a pnnduttor in »n ei]iiip<itentiul aurfuci 
of force are perjwndicalar to it. Vol. i. pp. 29, 30. 
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When it is placed at an angle of 45°, it causes tlie field to become 
unsymmetrical. 

Figs. 3 and 4. — The lower electrode consists of a ball one 
centim. diameter, the upper of a stout brass wire. 

Fig. 8 and 4 represent respectively the effects observed with 
the Nicols in Positions J. and II. 

The dark tails in both cases trace out the '' locus ** of points 
where the lines of force are parallel and perpendicular to the 
planes of polarization. 

Figv. 5 and 6 are the corresponding pair of appearances seen 
with electrodes, consisting of stout rectangular brass rods. The 
dark brushes are again the same '' locus/' 

Various other electrodes were tried with similar results. 

Other Dielectrics. 

Tlie effect was also obtained with cod-liver oil. It acted more 
feebly than bisulphide, and in the opposite direction. Bisulphide 
of carbon acted like glass extended along the lines of force, cod- 
liver oil like glass compreaaed in the same direction. 

Thus the classification of fluids into positive and negative, 
similar to positive and negative crystals, is completely established. 
Turpentine acted like cod-liver oil. 

Experiments on partially-conducting Liquids. 

The effects were obtained with nitro-benzol, sulphuric ether, 
glycerine, and distilled water, but only when an air-spark was 
interposed in one of the wires, and the machine connected to a 
Jjeyden jar. 

A flash of light was then seen in the field corresponding to 
each spark. This result is especially interesting as showing that 
there is a momentary state of strain in conductors before it is 
relieved by the yielding of the material. 

Exhausted Tube. 

Prof. Rontgen tried passing the light across a vacuum tube 
which was so highly exhausted that no discharge could pass. 
No effect was observed even when a very strong difference of 
potential was maintained at the terminals. 

Moving Liquid. 

Prof. Bontgen found that he was able to partially imitate the 
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optical effeete of electric strain by driving the fluid in a strol 
stream thvougli the cell. 

DiFFEHENT D1ELECTKIC8. 

In compai'iu^ different liquids. Prof. Rontg^n founi 
ably to Dr. Kerr's more extended resultsj that dielectrii 
electric strain act on light like uniaxal crystals with the line 
of electric strain for axis, and that, like cryetala, they vary from 
strong to weak, and from jjositive to negative.* Bisulphide of 
ciirbon aits as a positive crystal. 

Dr. Kebb's Elbctbo-optic Law. 

In March, ISSO.t Dr. Kerr published the results ofa series of! 
quantitative meaaurementa of tlie tlectro-optio effect. His J 
experiments were all made on bisiilphido of carbon, but then 1 
seems but little doubt that the law established by experiments , 
on it is of geoeral and universal application. 

The following law was found to hold with absolute accuracy ;- 

The iiiiennity of eleclre-oplic aciion of a ginen dielectric — that 
U, the quanta^ of optical effect {or fAe difference of retardatiotu of 
ttie ordinary and extraordinary rayi) per unit of thickness of tie 
dielectric — varien directly at the square of the remltant eteelrte . 
force. 

iNsrntuENTa — The Ceu,, 

The cell (fig. 251) consisted of a block of plate glass ten inches.] 
by six iuchcs, built up of three slabs placed vertically, i 
having a joint thickness of exactly 3j-J inches. 

Fig. 251 shows an end view of the block. The inner rectanglft j 
represents a tunnel passing right through it. The ends of the I 
funnel are closed by panes of thin, clear plate glass. Oatside 
the panes are pieces of thick india-rubber cloth, and outside the 
clothe are stout mabogiuiy planks, longer than the ends of the 
cell, and connected together by stout screw bolts at each end. 
There are holes in the planks .nnd cloths, somewhat larger than 1 
the ends of the tunnel. \ 

• AD uniBXttl erjstalfl divide tha ray of light iato two— the "ordinary '* 
nnd "extraordinary.'' Wliioliever ray travels bIowcsI ia most refracted. 
CryntalB in which the ordinary ray goes fa^teat nre sailed positive i thOM in 
which the extrvordinary ray goes fiuteaC are I'alled nej^tive. 8m Spntli*- 
woode, " Polarization of Light," p. 92. 

t Phil. Mflff.. 1880. i. p. 157. 
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By tig^htening the screw bolts, the cell could bo perfectly 
closed without the use of any cement whatever. 
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Flg.251. 

The shaded pieces represent the conductors. The lower one is 
a wide, thick brass plate resting on the floor of the cell; the upper 
is u narrower plate supported from glass rafters, to which it is 
attached by bullet-headed screws. Both plates are the full 
length of the tunnel^ viz. Z\^ inches. 

The dotted lines in fig. 251 represent three borings. The 
connecting wires to the upper and lower plates pass respectively 
through the vertical boring, and through the narrow one on the 
right. 

The larger boring on the left is used to fill and empty the cell. 

Chromatic Effects. 

In the preliminary work with this cell, some very fine 
chromatic effects were observed. 

The following is Dr. Kerr's account of them : — 

*' Here, as in all the following experiments, the cell is charged 
with rather less than a pint of clean bisulphide of carbon. No 
other optical pieces are employed at present than the charged cell 
and a couple of NicoPs prisms. 

'' A beam of light from a bright cloud is reflected horizontally 
into the room through an opening in the window-shutter, passes 
through the first Nicol, then perpendicularly through the plate 
of liquid, then through the ocular Nicol, The pieces are so 
levelled and directed that the observer at the polariscope looks 

40 
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fairly through the deep elit that separates the two (conductors in 
the cell. I may mention a^in tliat the dimensions of the slit 
ore about one-lioelflk of an inch, one inch, andyowr inches — the 
first dimension lying: vertically as the lines of force, and the lust 
lying horizontally along the line of sight. The two Nicols are 
filed, the first with its principal section at 45° to the vertical, 
and the second at extinction, which is here quite pure. Wires 
are led permanently from the two conductors— from the lower to 
earth, and from the external knob of the upper to the prime 
conductor. To give greater steadiness and distinctness to the 
progress of the optical efiect, the wire from prime conductor to 
cell is put in permanent contact with the knob of a Leyden jar, 
whose outer coating is uninsulated. 

" When the machine is set in motion at a moderate rate, the 
potential of the upper conductor rises slowly, and the black space 
between the two conductors is illuminated, the light passing 
gradunlly through impure black, faintly bluish grey, faint white, 
and so forward, up to a sensibly pure and brilliant white. Thus 
far there is nothing new, except that the bigbest potential yet 
reached is comparatively low, while the optical effect is very 
large, and already far beyond neutralization by the action of anjr 
hand compensator of strained glass. j 

" As the potential of the prime conductor stilt rises, the pola- 
riscope gives a fine progression of chromatic effects, which 
descend regularly and continuously through a certain range of 
Newton's scale. The luminous band between the conductors 
posses first from white to a bright straw-colour, which deepens 
gradually to a rich yellow, then passes through orange to a 
deep brown, then to a pure and dense red, then to purple and 
very deep violet, then to a rich and full blue, then to green. Ail 
the colours are beautifully dense and pure, certainly as fine as 
any that I have ever seen in experiments with crystals 
polari scope. 

" Generally about the point last named of the scule of coloi 
at or near the green of the second order, the process termini 
in spark- disc barge through the liquid. Sometimes, but not 
frequently in my observations, it terminates at an earlier stage, 
to run its regular course at the next trial. The irregularity 
appears to be due to an accidental precipitation of discharge 
the action of solid particles, impurities in the liquid. 
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'* Through this whole range of effect, from the pale blue or 
impure bhiek of the first order to the green of the second order, 
the plate of electrically •charged liquid acts regularly as a aniaxal 
crystal, as a plate of quartz with optic axis parallel to the lines 
of foroe^ the plate increasing in thickness continuously and very 
rapidly as the potential rises/' 

Instruments continued— Electrometer. 

To measure potential, a Thomson long-range electrometer 
was used. 

This is a modification of the absolute electrometer described 
in voL i. page 55.^ 

The JaMIN COMPENSATOR.t 

To measure the optical effect, a Jamin compensator was used. 
This consists of two crystals of quartz (fig. 252), cut into 




two prisms, ABC, DCB. The light passes through in the 
direction MN. The axis of one of the crystals is in the plane 
of the paper, that of the other is at right angles to it. 

One of the prisms is fixed in a tube. The otlier can be 
moved by means of a micrometer screw. 

Black bands are seen in the field of view. By turning the 
screw the retardation is altered, and the black bands move. 

A fine silk thread is stretched across the field of view. 

We adjust one band on the thread, and note on the scale of the 
micrometer what number of divisions it is necessary to move the 
micrometer screw to bring the next band to the thread. 

The difference of retardation corresponding to the difference 
of distance between two bands can be calculated mathematically, 

• See Thomeon, <* Electro-statics and Magnetism/' $ 383, p. 306. 
T Jamin, " Coars de Physiqae/' torn. iii. pp. 622, 639. 
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aud we can thus calculate the amount of retardation corresponding 
to one scale division. 

The compensator is placed in the path of the ray which has 
passed through the electro-optic cell^ and adjusted so that a 
black band lies on the thread. On the machine being worked, 
the band is displaced. 

The compensator screw is then turned till the band returns 
to its original position. The number of scale divisions through 
which it is moved give the retardation caused by the electric 
strain. 

Simultaneous observations of the electrometer and compen- 
sator give the retardation caused by different differences of 
potential. The general arrangement of the apparatus is as 
in fig. 253. 
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Fig. 283. 



B is a mirror which reflects the light into the apparatus, 
M N are the Nicols, P the cell, C the compensator, D a lens, 
and Q the position of the observer's eye. 

Calculation. 

Let V be the difference of potentials as measured by the 
electrometer, D the distance between the plates, R the resultant 
electric force, Q the quantity of optical effect. 

We then know that for a small field, and for portions of it not 
near its edges, R is proportional to V and inversely proportional 
to D, and we may write, 

But we have stated that 

Q is proportional to li*, 
or 

Q a R> a g* (1) 



• The sign a means " is proportional to." 
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If the values of Q arc calculated by this formula^ the agree- 
ment or disagreement of the results with the observed values of Q 
will be a test of the accuracy of the law stated on page 252. 

The following results were obtained for different potentials, 
and with different distances between the plates : — 



D measured . 
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60 


90 


120 


90 
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120 


150 


Q measured 


63 


36 


64 


16 


27 


15 


24 


Q calcalated • 


631 


355 


631 


15-8 


28 


15-8 
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Further comment is superfluous. ''Kerr's Electro-optic Law '' 
is entirely established * 

Dr. Kerr concludes his paper as follows : — 

"In conclusion, I observe that the principal result of the 
experiments^ what I have called the Law of Squares, may be 
correctly stated in several very different forms. The quantity 
of optical effect, per unit of thickness of the dielectric, varies 
either — 

(1) Directly as the square of the resultant electric force, or 

(2) Directly as the energy of the electric field per unit of 
volume, or 

"(3) Directly as the mutual attraction of the two conductors 
that limit the field, or 

" (4) Directly as the electric tension of the dielectric, a quantity 
that was conceived long ago very clearly by Faraday, and 
introduced afterwards definitely into the Mathematical Theory 
of Electricity by Professor Clerk Maxwell. 

" Faraday's and Clerk Maxwell's views as to the action of the 
dielectric in the transmission of electro-static • force, and as to 
the state of molecular constraint that is associated with and 
essential to that action, are very strongly confirmed by the new 
facts of electro-optics. The dioptric action of an electrically- 
charged medium is closely related to the electric stress of the 
medium, the axis of double refraction coinciding in every case 
with the line of electric tension, and the intensity of double 

* Ap experiment is given to show that the effects are unaltered when the 
sign oi Y is changed and its numerical value remains constant. 
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refraction varying, certainly in bisulphide of carbon and pro- 
bably in all other dielectrics, directly and simply as the intensity 
of the tension/^ 

We cannot imagine a more complete proof than Dr. Kerr's 
experiments afford that electric induction is a '' state of strain^' 
in the dielectric. 
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CHAPTER XLVIII. 

Dk. Kerr's Discoveries {continued), 

ROTATION OP THE PLANE OP POLARIZATION OP LIGHT REFLECTED 

FROX THE POLE OF A MAGNET. 

Dr. Kerr has also made another most remarkable discovery.* 
He finds that — 

'' When p1ane-polariz4}d light is reflected regularly from either 
pole of an electro-magnet of iron^ the plane of polarization is 
turned through a sensible angle in a direction contrary to the 
nominal direction of the magnetizing current — so that the true 
south pole [the north-pointing pole] of polished iron^ acting as 
a reflector^ turns the plane of polarization right-handedlyJ 

The experimental arrangements were as follows : — 

L (fig. 254) is the source of light. 



y> 
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Fiff.254. 

E the observer's eye. 

A and B the first and second Nicols. 

C a wedge of soft iron. 

The light was reflected from one highly polished pole of a 
horse-shoe magnet. 

The first Nicol is so arranged that the plane of polarization is 
either parallel or perpendicular to the plane of incidence^ because 

♦ Phil. Mag. May, 1877. 
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in any other case the light becomes elliptically polarized by 
reflection. 

It has always been found necessary to employ, what Dr. Kerr 
calls, a " sub-magnet/' namely, a wedge (C) of soft iron kept by 
slips of wood at a distance of about -^ inch from the iron 
surface, so that there is just room for the light to pass. Dr. Kerr 
believes that the only action of a sub-magnet is to cause a greater 
concentration of magnetic force on the iron mirror. This point, 
however, requires further investigation. 

In all cases of oblique incidence it was found that the effect 
on the polariscope was mixed, being partly due to the magnetic 
force, and partly to metallic reflection. The effect of the latter 
was to convert the plane-polarized light into light more or less 
elliptically polarized, and which was therefore not extinguishable 
by any rotation of the second Nicol. 

To obtain the pure magnetic effect. Dr. Kerr arranged for the 
incidence of the light to be normal to the mirror as shown in 
fig. 255. The sub-magnet C was perforated and the light was re- 
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Fig. 256. 



fleeted down on to the polished pole F by means of an unsilvered 
glass mirror M, through which the reflected light passes through 
the second Nicol to E. 

With this arrangement the rotation due to the magnetic force 
is seen alone, and is quite distinct. The magnet used consisted 
of an iron core, two inches diameter and ten inches long, 
surrounded by about 400 turns of wire. It was worked by six 
small Grove's cells. The rotations were very small. 

Nothing, however, could be more conclusive than Dr. Kerr's 
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paper. In it every possible doubt which could be cast upon the 
reality of the phenomenon seems already answered.^ 

Enough is not yet known about the laws of the new phenomena 
to enable us to discuss their theory. 

Repetition ok the Experiments. 

The present writer has repeated Dr. Kerr's experiments^ using 
an iron cylinder^ 2 feet 4 inches long^ and 2^ inches diameter^ on 
which were placed the two helices belonging to the electro-magnet 
described in vol. ii. page 13. 

The Jellett analyzer (vol. ii. p. 229) was used to measure the 
rotation. 

The following readings of the plane of polarization were 
tatten : — 

Gairent direct. Carrent reversed. 

_ o / o / 

271 65 271 3() 

271 67 271 27 



271 54 271 28 

271 62 271 26 

Mean double rotation . . 26' 45" 

I have not as yet been able to get any distinct effect without 
the sub-magnet. Until this can be done^ '' absolute '^ measures 
of the amount of rotation due to a given strength of pole will 
not be possible. 

Light Reflected from tub Side of a Magnet. 

Dr. Kerr findsf that the plane of polarization of light is also 
rotated when the light is reflected from the Bide of a magnet. 

Fig. 256 represents a plan of his apparatus. 

A block of iron, AB, is laid on the poles of a horse-shoe magnet ; 
L is the lamp, P a metal screen with a slit in it, C the point 
where reflection takes place, NN' the Nicols, E the observer's 
eye. 

• The phenomenon i8 certainly not an air-rotation, which until now has 
escaped notice. Not only do all the experiments negative this hypothesis, 
but in a direct observation which I have made 1 found that a magnet which 
will impress a double rotation of 7' on light reflected from its pole, has no 
eflfect whatever upon light passed without reflection through perforated poles, 
thopgh if the effect had been an air-rotation, it should have been in this case 
fear times as much as before, or some 28'. 

t Phil. Mag. 1878, i., p. 161. 
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It is founJ that the only positions of the Nicols which would 
give pure extinction are those where the principal eection of 
the first is parallel or perpend teular to the plane of incidence. 




Dr. Kerr found that, when the magnet was excited, rotation 
took place in a direction whoee relation to that of the magnetizing: 
current depended on the angle and plane of incidence. 

I'lnt Etperiment. — Plane of polarization of first Nicol parallel 
to plane of incidence. The plane of polarization was rotated in 
the same direction as the magnetizing current. 

By the " angle of incidence ' is meant \ angle LCE (fig. 256). 

" The intensity of the optical effects of magnetization varies 
very noticeably with the angle of incidence. About incidence 
85° the effects are very faint, hut perfectly regular and much 
better than merely sensihle ; about incidence 75° they are more 
distinct and very sensibly stronger; about incidences 60** and 
65° they are comparatively clear and strong, a good deal stronger 
than at 75°; about incidence 45° they are stilt pretty strong, 
but very sensibly fainter than at 60*; about incidence 30° they 
are again very faint, about the same as at BS"," 

Second Erjieriment . — Plane of polarization of first Nicol per- 
pendicular to the plane of incidence. 

At about incidence 85* the effects were exactly the same as in 
the first experiment ; then the effect diminished, and at about 
75° it entirely disappeared; after 75" it began to re-appear, but 
the rotation was in the opposite direction ; about incidence 60° 
the effect was comparatively clear and strong, though sensibly 
fainter than that obtained in the first experiment at the same 
incidence ; about 30" it is faint, but still distinct and clearly 
stroDf^r than the contrary effect obtained at 85*. 



Thus, when the pi: 
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incidence^ the rotation is always in the same direction as the 
magnetizing current for all incidences. 

When it is perpendicular, the rotation is in the same direction 
as the magnetizing current for incidences between 85^ and 75^, 
and in the opposite direction for incidences between 75^ and 30^. 

No sub-magnet was used in these experiments. 
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CHAPTER XLIX. 

SSLSKIUM. 

The only other direct action between electricity and light which 
remains to be mentioned is the alteration of the conducting power 
of selenium with light. Selenium is an exceedingly bad conductor, 
its resistance being about 3.8 x 10'* times that of copper. 

It is found, however, that, when exposed to light, its resistance 
alters. 

Prof. W. G. Adams has found* that the change in the resistance 
of selenium is directly as the square root of the illuminating 
power. 

On May 18, 1876, Prof. W. G. Adams and Mr. R. E. Day 
communicated to the Royal Society a paper containing the 
results of a year's experimenting with selenium. The following 
extracts from that paper sum up what is now known on the 
subject : — 

" It was observed that, with the same piece of selenium at the 
same temperature, the resistance diminished as the battery 
power was increased. Also it was found that the electrical 
resistance of the rod of selenium was different for currents 
going through it in different directions. Thus, if two plati- 
num wires be melted into the selenium at two points, A and B, 
and the resistance of the selenium be balanced by the Wheat- 
stone's bridge arrangement, the positive pole of the battery 
being connected to the electrode A, then, on reveroing the 
current so that the negative pole of the battery was now 
connected to the electrode A, the numerical value of the 
balancing resistance required was always found to be different 
from that previously obtained. 

''If the electrical conductivity of selenium followed the 

• Proc. Roy. Soc, vol. xxv., 1876, p. 113. 
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ordiaarj law of metallic conduction^ tliis would not be the case ; 
and hence it seemed probable that a careful investigation of 
these points would lead to some important results. 

'^ In the experiments recorded in this paper^ the objects which 
the authors have had specially in view have been : — 

" (1) To examine the character of the electrical conductivity of 
selenium when kept in the dark. 

"(2) To determine whether light could actually generate an 
electric current in the selenium. 

" Several pieces of selenium were prepared as follows : — 
A small piece varying from \ inch to 1 inch in length was broken 
off a stick of vitreous selenium. A platinum wire was then 
taken and bent round into a small ring at one end, and the 
remainder of the wire turned up at right angles to this ring. 
The rings of two such wires were then heated in the flame of 
a spirit lamp, and pressed into the ends of the little cylinder of 
selenium, thus forming platinum electrodes. The whole was 
then annealed. 

"A few preliminary experiments were made to determine 
whether the change of resistance with change of direction of 
the current had any connection with the position of the selenium 
or the direction of the current with regard to the magnetic 
meridian. No such connection was found to exist. 

" From the results obtained from a great many experiments 
made to determine the diminution of resistance with increased 
battery power, and the change of resistance with a change of 
the direction of the current, the following conclusions were 
drawn : — 

"(1) That, on the whole, there is a general diminution of 
resistance in the selenium as the battery power is increased. 

" (2) The first current through the selenium, if a strong one, 
causes a permanent set of the molecules, in consequence of which 
the passage of the current through the selenium during the 
remainder of the experiments is more resisted in that direction 
than it is when passing in the opposite direction. 

" (3) The passage of the current in any direction produces a 
set of the molecules which facilitates the subsequent passage of 
a current in the opposite, but obstructs it in the same direction. 
Hence, when two currents are sent through successively, after a 
very small interval, in the same direction the resistance observed 
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in tlie second case even with tlie hit>;1ier Latteiy power i 
equal to or greater than it was hefore. 

"The results of these experiments Beem to indicate tl 
condactivity of selenium is electrolytic. A number of experiments 
were undertaken in order to discover whether, after the passage 
of an electric current through a piece of selenium, any distinct ^ 
evidence of polarization could be detected. It was then fouw 
that, after passing the current from a voltaic battery for e 
time through the selenium, and after having disengaged tbl 
electrodes from the battery, nnd connected them with a galvanoi 
meter, a current, in eome cases of coiiGiderahle intensity, in t 
opposite direction to that of the original battery current, passe 
through the galvanometer. This proved that the passage of thel 
battery current sets up polarization in the selenium. 

"All the results hitherto described were obtained with \ 
selenium kept in the dark." 

Tlie authors then tried to discover whether, on exposing tl 
selenium to light during the passage of the polarization currenU 
any change in the intensity of that current would he produc 
They found that in several cases there was a distinct change; 
most instances the action of the light assisted the passage of thflj 
current ; but in one case they found that the effect of light v 
not only to bring the deflection ot the galvanometer dovni 1 
zero, but also to send it up considerably on the other side. 

" Here there seemed to be a case of light actually prodaeuu 
ail eledro-motive force within the selenium, which in this caae 
was opposed to and could overbalance the electro -motive force due 
to polarization. 

" The question at ouco presented itself as to whether it would 
he possible to atari a current in the teleniuM merely by the action 
of light. Accordingly, the same piece of selenium was connected 
directly with the galvanometer. While unexposed, there was no 
Hction whatever. On exposing the tube to the light of a candle, 
there was at once a strong deflection of the galvanometer needle. 
On screening off the light, the deflection at once came back 
to zero. 

"This experiment was repeated in various ways and with 1 
from different sources, the results clearly proving thai hy the acli6\ 
of light alone tee can start and maintain an electrical enrrent n 
the selenium. 
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" All the pieces of selenium hitherto used had repeatedly had 
electrical currents passing through them, and it therefore 
seemed desirable to examine the effect of exposure to light on 
pieces of selenium which had never before had an electrical 
current sent through them. 

*' Accordingly, three pieces were prepared as nearly alike as 
possible^ and were annealed. Two of them were found on trial 
to be sensitive to light — that is to say^ light impinging on them 
produced an electrical current. The third piece^ however^ showed 
no signs of sensitiveness. Hence it appears that three pieces 
which were made up from the same sticky which are of the same 
length; and were annealed at the same time^ may^ owing to some 
slight difference in their molecular condition, be very different as 
to their relative sensitiveness to the action of light. 

" In the experiments by which the above results were obtained, 
the piece of selenium under examination had always been exposed 
as a whole to the influence of the light, so that it was not possible 
to tell whether any one part of a piece was more sensitive than 
any other .'* 

In order to examine into this point more fully, the authors 
" used the lime-light, and then, by means of a lens^ the light was 
brought to a focus on the particular portion of the selenium plate 
which was to be tested. A glass cell containing water, and 
having parallel sides, was interposed in the path of the beam, so 
as to assist in absorbing any obscure heat-rays. 

'* The result of these experiments proved conclusively the 
following points : — 

** (1) That pieces of annealed selenium are in general sensitive 
to light, ie. that under the action of light a difference of potential 
is developed between the molecules which under certain conditions 
can produce an electric current through the substance. 

*^ (2) That the sensitiveness is different at different parts of 
the same piece. 

*' (8) That in general the direction of the current is from the 
less towards the more illuminated portion of the selenium^ but 
that, owing to accidental differences in molecular arrangement, 
this direction is sometimes reversed. 

" The currents produced in the selenium by the action of light 
do not resemble the thermo-electric currents due to heating of 
the junctions between the platinum electrode and the selenium; 
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for in matiy cases tJie current produced was most intense when 
the light was focussed on points of the selenium not coinciding 
with the junctions; also the current was produced suddenly on 
exposure; and, on shutting off the light, the neetlle ai once fell 
to zero: the gradual action due to graduiil cooling was entirely 

" When the light ftll upon a junction, the current passed from 
the selenium to the platinum through the junction, which is not 
in accordance with the place assigned to seleuium in the thermi 
electric serlcB of metals. 

" Experiments were next undertaken in order to exami 
what elTect would be produced on the strength of a cui 
which was passing through a piece of selenium in the dark 
a beam of light was allowed to fall upon it. 

"The results obtained from these experiments were 
follows : — 

" With pieces of selenium of low resistance, and with r 
current passing through them, — 

"(1) Wlien light falls on the end of the selenium at which 
the current from the positive pole of the battery is entering the 
metal, it opposes the passage of the curi-ent. 

"(2) When light falls on the end of the selenium at whii 
the current is leaving the metal, it agsiaU the passage of tJu 
current. 

" With pieces of selenium of a high resistance it was found tfasft 
in all cases the action of light tended to facilitate the passage of i 
the battery current, whichever was its direction. 

" It was also found that in those pieces which appeared so litl 
sensitive to light that no independent current was developed U 
them by exposure, yet, when a current due to an external electro- 
motive force was passing through them, the exposure to light 
facilitated the passage of the current. 

"The results of the experiments described in this paper 
furnish a possible explanation of the character of the action 
which takes place when light falls upon a piece of selenium whicl^ 
is in a more or less perfect crystalline condition. 

" When a stick of Titreous selenium has been heated to 
point of softening, if it were possible to cool the whole equally^ 
and very slowly, then the whole of the molecules throughout iti 
mass would be able to take up their natural crystalline poeitioHj 
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and the whole would then be in a perfectly crystalline state^ 
and would conduct electricity and heat equally well throughout 
its mass. Sut from the nature of the process it is erident tliat 
the outer layers will cool the most rapidly, and we shall have, 
in passin<^ from the outside to the centre, a series of strata in a 
more and more perfect crystalline condition. 

" Li«^ht, as we know in the case of some bodies, tends to 
promote crystallization, and, when it falls on the surface of such 
a stick of selenium, probably tends to promote crystallization in 
the exterior layei*8, and therefore to produce a flow of energy 
from within outwards, which under certain circumstances appears, 
in the case of selenium, to produce an electric current. 

" The crystallization produced in selenium by light may also 
account for the diminution in the resistance of the selenium when 
a current from a battery is passing through it, for, in changing 
to the crj'stalline state, selenium becomes a better conductor of 
electricity.'^ 
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CHAPTER L. 



CLBIIK U&XiriCLL8 BLBCTUO-HAGNETIO THSOAY OF LIQUT. 

Elbctuic induction is a strain of same kind ; and, wlien electd 
induction passes tfaroiigh space in whicb there is not any ordilJ 
matter, we agree to call tlie unknown something that filU 1 
apace and transmits the strain an "ether," 

Light is a strain of some kind ; and when light passes through 
space where there is not any ordinary matter, we agree to call 
the unknown something that fills the space and transmits ihc 
strain an " ether." 

All men of science are agreed that light consists of vibrattona 
of an ether or very thin fluid which fills all space, and probably — 
permeates all bodies. H 

I'rof. Clerk Maxwell's theory is briefly this : — H 

Eleetro-mognetie indueiion it propagated through space bif tlraia^ 
or vibratioHi of the same ether which eonvega the tight vibralione, 
or, in other words, " light il'Self it an electro-magnetic dis- 
turbance." I 

Let us examine the evidence which causes us to believe 1 
the luminiferoua and the electro-magnetic ethers are one i 
tbe same. 

The first point of resemblance between the modes of prop; 
tioQ of light and of electro- magnetic induction is that i 
cases it can be shown mathematically that the disturbance ii 
right angles to tbe direction of propagation. 

It is known that the waves of light take place ia directioiri 
at right angles to the ray. 

Prof. Clerk Maxwell has shown that the directions of both t 
magnetic and electric disturbances are also at right angles to tl 
line of force.* 

* Tlity are aUd nt right angUa to each other. 
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Fig. 257 shows Prof. Maxwell's conception of a line of 
electric force. 

The vertical line is the direction of the force^ and the magnetic 

^^ and electric disturbances are at right 
angles to it. 

Another argument in favour of the 
theory is that it gives a real mathema- 
tical reason for the fact tliat all good 
true conductoi-s are exceedingly opaque. 
All metals^ for instance, conduct, and 
are opaque. The conduction of electri- 
city by transparent liquids takes place 
in n different manner from the conduction 
by metals, and does not affect the deduc- 
tion, which can be shown mathematically 
to be a necessary consequence of the 
theory, namely, that all good true con- 
ductors must be opaque to light.* 
But far more important evidence in favour of the view that 
the ethers are not two, but one, is obtained by comparing the 
velocities with which optical and electro- magnetic disturbances 
are propagated under different circumstances. 

If it can be shown that the velocity of electro-magnetic 
induction is sensibly the same as that of light, not only in air 
and vacuum, but in all transparent bodies, we shall be quite sure 
that there are not two ethers, but one; for it would be unreasonable 
to suppose that the whole of every part of space is filled with 
two ethers which are identical in the only properties which we 
can examine, but which are yet different and not the same. 

And, further, if the velocities nearly agree, but not quite, we 
must reserve our judgment ; but we may be allowed to speculate 
on the possibility of the same ether vibrating somewhat 
differently when disturbed by electricity and by light. 



Fig. 267. 



Comparison of Velocities in Aie and Vacuum. 

The velocity of light has been measured experimentally in 
many ways. 

* It must, however, be confessed that gold, silver, and platinum, wben 
made into very thin plates, are not nearly so opaque as they should be 
according to the theory. 
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The most recent experiments are those made by Prof. Cornu/ 
in 1^74-, who found that in vacuo — 

V = 3004 X 10'" centimM. per second. 

The following are the results of older observations : — 

Fizeau .... 314 x \^ 
Astronomical observations . 308 „ 
Foucault .... 2-98 



Mean . . . 3*06 



»» 



It 



M. Cornu's experiments are, however, so greatly superior in 
accuracy to any of the older ones that we shall adopt his value, 
namely, 3004. 

Now the refractive index of air is 

1000294. 
The velocity of light in air is then : — 

3 00 4 X lO'o ^o.QQ3i ^ io»» 

Now the mean value f of the most recent determinations of the 
ratio of electro-static and electro-magnetic units gives us for 
the velocity of electro-magnetic induction in air — 

V = 2-9857 X lO*** 

We may therefore say that the velocities in air of light and oj 
electro-magnetic induction are senslhlt/ equal. 

Velocities in otiieu Media. 

The velocity of light in any medium of refractive index /x is — 

velocity in air 

Prof. Clerk Maxwell has proved mathematically that the 
velocity of electro-magnetic induction in any medium is — 

veloeitv in air 

where K is the specific inductive capacity for electro-static 
induction as defined in vol. i., page 69. 

Now, if the velocity of light is equal to that of electro- 
magnetic induction in all transparent insulators, we should have, 

♦ " Annules de I'Obsorvatoire de Paris," 1876. " M^moires/' torn. xiii. 
p. A,. 
t Vol. ii. p. 202. 
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velocity of light in air velocity of electro-mapfnetic induction in air. 

But we have shown that the velocities ia air are equal, and 
hence, if the other velocities are e(|ual, we must have — 

We must note that Prof. Maxwell shows that amongr the 
values of /x we must select that which corresponds to waves of 
infinite wave len<>th.* 

(jordox's Experimexts. 

The followinf];' table compares the values of yi, and >/K f'^>r 
various dielectrics as determined hy the present writer (see vol. i , 
p. 118):— 



1 

Dielectric. 


VK. 


/ix-.. 


Md- 


Mh- 


Xm-vs 


Double extra-dense 












flint glass 


1778 


1-672 


1-710 1-757 


3-527, the wave 












length for X in 












ultra violet. 


Extra-dense flint gbisi* 


1-717 


1-620 


1-650 


1-688 


2-862 


Light flint glass 


1-7:U 


•\ m m m 


1-574 


1-601 




Hard crown glass 


1 703 


1-504 


1-517 


1633 




Paraflin 


1-4119 


l-422(>f 


Cl-9 
2-4 






Sulphur 


1-606 








Bisulphide of carbon . 


1*345 


• • 


1-611 






Common plate glass . 


1-801 


• • 


1-543 







* To determine the refractive index fur waves of inflnite length, we proceed 
as follows: — 

We have the general equation 

(1) 



- A J. ^^ 



To determine A, a determination of the values of /i for two rays of different 
wave lengths X and X' are necessary and sufficient, for we have 

/iX*=: AX'H- B 
,i' X'« = A X'* -f B 

Subtracting one equation from the other we eliminate B and obtain 



X* — X'* 
But from (1) when X = x , /i = A. Hence 



(2) 



(3) 



X2_V2 
—Phil. Trans., 1879. Part I. p. 4'1,1. 

t Gladstone and Clerk Maxwell ; Maxwell's " Electricity," } 789, vol. ii. 
p. 389. The melting point of my p iraflin was 68^ C, that of Dr. Gladstone's 
was less than 57° C. 
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The value of /a is given for the rays H,, D, and for rays of 
infinite wave length. The last column shows for what wave 
length the refractive index would equal the square root of the 
specific inductive capacity. 

Gibson and Bauclay's Expeeiments. 

Messrs. Gibson and Barclay found for paraffin (see vol. i., 

p. 86) 

^/K = 1*405 

which does not differ much from the value of {jl given in the 
preceding table. 

Boltzmann's Experiments. 

We can either compare >/K with ;a or K with /x'. 

In the comparison given by Prof. Boltzmann^ the latter plan 
is adopted. 

The following table, comparing the values of K and /a% is 
given by Prof. Boltzmann in his paper quoted in vol. i., page 87. 





K 




Dielectrifl ' 




m' 




From condenser method. 


From attraction method. 




Sulphur 


3-84 


3-90 


1 
406 1 


Paraffin 


232 


f 2-30 -) 
1 2-34 j 


233 


Resin . 


2-55 


2 48 


2-38 

1 



Crystalline Sulphur. 

In the paper quoted in vol. i., page 100, Prof. Boltzmann 
gives the following comparison of K and /x' along the thi-ee 
axes Qy m, h of crystalline sulphur. 



Dielectric. 


K 


M* 


Sulphur . ,<m 


4773 
3-970 
3 811 


4-596 
3-886 
3-691 
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ScuiLLEu's Experiments. 

In the paper quoted in vol. i.^ page 103^ Schiller gives the 
following comparison : — 



Dieleoirio. 


K 


m" 


B J slow xnathod. 


Bj (Mcillation 
method. 


Paraffin, slow cooled, white 


247 ^ 


1-89 
1-81 


V 2-34 

219* 
} 


Quicklj cooled, nearly transparent 


1-92 


— 


Brown India Rubber 


9-34 


212 


2-25 



SiLOw's Experiments. 

In the paper quoted in vol. i., page lOi, Silow finds for oil of 
turpentine — 

VK = 1-490. /ix— = 1-459. 

Boltzmann's Comparison for Gases. 

In the paper quoted in vol. i., page 123, Prof. Boltzmann 
gives the following comparison for gases. 

The refractive index and the specific inductive capacity of 
vacuum are taken as unity. 



Dielectric— Gases at O^'O. 
aiul70Umizi. 


s/K 


/* 


Air .... 


1000295 


1-000294 


Carbonic acid . 


1-000473 


1000449 


Hydrogen 


1000132 


1-000138 


Carbonic oxide . 


1000345 


1000340 


Nitrous gas (N.O.) . 


1-000497 


1000503 


defiant gas 


1-000656 


1000678 


Marsh gas 


1-000472 


1-000413 



* There is some confusion as to the arrangement of the numbers for 
piiiaftin in the table given in Schiller's paper. 
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General Conclusion. 

An examination of the foregoing tables shows us that in some 
cases the velocities of light and of electro-magnetic induction ai-e 
very nearly equal, but that in other cases there is a very wide 
difference. 

On the whole a suflSciently close agreement has been observed 
to give us fair hope that some day the discrepancies may be 
explained and eliminated; and meanwhile the close agreement of 
the velocities of light and electro- magnetic induction in air and 
in gases, and the numerous direct relations which exist between 
light and electricity leave us but little doubt that they are very 
closely related, and that their effects are but two forms of that 
common energy whose nature is unknown, but which certainly 
underlies all physical phenomena. 
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— discharge of, ii. 51. 

Coils, resistance ; 9ee Resistance Ooils, i. 252. 

sliding; tee Sliding Coils, i. 257. 

Commutators, plug, i. 226. 

rapid, i. 229. 

roller, i. 227. 

spring, i. 228, 

Comparison of coils, ii. 2. 

of dimensions of units, ii. 188. 

experimental of units, ii. 191. 

■ of units ; summary, ii. 202. 

of /i and VK^ ii. 273. 

Compass needle, pull on, i. 156. 

Compensating resistance for shunts, i. 265. 

Compression, effect of on polarity, ii. 28. 

Concentric spheres, capacity of two, i. 68. 

Conclusion, ii. 276. 

Condensers, i. 66. 

Condenser, Gibson and Barclay's sliding, i. 85. 

primary for induction coil, ii. 44. 

— — secondary „ „ ii. 53. 
Conductors, and insulators, i. 4. 
opaque, ii. 271. 
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Constant batteries, i. 207. 
Constants of a helix, determination of, ii. 6. 
Contact breakers for induction coil, ii. 44. 
Contact electricity, ii. 166. 
Conventional si^n for battery, i. 223. 
Comu, velocity of light, ii. 272. 
Coulomb's law of electric force, i. 18. 

■ torsion balance, i. 33. 
Couple, i. 149. 

Crookes on radiant matter, ii. 112. 
Crystalline sulphur, comparison of /i^ and K in, ii. 274. 

' specific inductive capacity of, i. 100. 

Cumminiij^ on reversal of thermo-electric current, ii. 161. 
Current and equivalent magnetic shell, i. 304. 

electric, defined, i. 203. 

electro-magnetic, measure of, i. 243. 

electro-statio „ „ i. 242. 

in helix, calculation of the strength of, ii. 11. 

practical unit of, i. 245. 

Currents, action of, on magnets, i. 225. 

mutual action of two, i. 276. 

produced on closing and opening the circuit, i. 310. 

D. 

Daniell's cell,i. 210. 

Daily change in magnetic force, i. 196. 

Day and Adams on effect of light on selenium, ii. 254. 

Decennial period in changes of declination, i. 195. 

Declination, i. 161. 

determination of, by uni filar mngnetomett^r, i. 176. 

earl3'' observations of, i. 162. 

periodic changes in, i. 195. 

secular changes in, i. 193. 

De La Rue and Miiller on contact electricity, ii. 167. 

on discharge in dillVrent gases, ii. 64. 

on striae, ii. 81. 

on ** striking distance," ii. 62. 

and Spottiswoode on stria3, ii. 69. 

De La Rue's battery, i. 216. 
De Meritens machine, ii. 153. 
Density, C.G.S. unit of, i. 60. 

electric, i. 25, 

Dial-pattern resistance box, i. 256. 
Diamagnetic bodies defined, ii. 14. 

list of, ii. 16. 

Diamagnetism, Faraday's discovery of, ii. 15, 
Diamagnetic liquids, polarity of, ii. 26. 
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Diamagnetic polurity, ii. 17. 
Dielectric, definition of, i. 70. 
Difference of jmtential (electric), i. 26. 
Differential galvanometer, i. 2'11. 

interruptor, Blasema'x, i. 311. 

DimenHioDit of unibi, ii. 180. 

Dip or inclination {see Inclination), i. 161. 

Direction of tlie rotation of polarized lii^ht bj magnetism, ii. 212. 

Disc and point, diflcbarge between, ii. 51. 

Discbarge of coil witb rapid break, ii. 53- 

in different gaseii, Dc La Uue and Miiller, ii. 61. 

duration of, ii. 103. 

of tbe induction coil, on tbe, and dii»charge generally, ii. 51. 

nature of, ii. 104. 

in rarefied air, ii. 64i. 

of secondary batteries, ii. 142. 

I >i!tcbar<re?*, unipolar, ii. 105. 
Diurnal inequality, i. 1D6. 
Dynamo-electric macbinei*, ii. 150. 
Dynamometer, ii. 3. 
Dvne, i. 62. 

E. 

Earth connection, i. 7. 

current**, C. V. Walker on, i. 199. 

Effects of tbe electric current, i. 223 

Elliott-pattern quadrant electrometer, L 37. 

Electrical macbines, i. 8. 

Electric current ; iee Current, Electric. 

— ^^— currents ; rotatiou of polarized ligbt by, ii. 214. 

force, i. 18. 

ligbt, ii. 156. 

resistance ; see Resistance, i. 242. 

transmission of power, ii. 155. 

Electricity and beat, relations between, ii. 159. 
Electrified bodies, properties of, i. 1. 
Electrode, ii. 131. 
Electro-dynamometer, ii. 3. 

kinetics, i. 203. 

Electrolysis, ii. 131. 
Electrolyte, ii. 131. 
Electrolytic polarization, ii. 136. 
Electro-magnet, i. 275 ; ii. 12. 

magnetic engines, ii. 154. 

magnetic induction, i. 276. 

, measurement of, i. 284. 



theoryofligbt, ii. 270. 
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Electro-magnetism ; preliminary notes, i. 275. 
Electrometer, Cavendish's, i. 81. 

Coulomb's torsion balance, i. 33. 

discharging, i. 96. 

Elliott's pattern, i. 87. 

gold leaf, i. 82. 

• Lane's, i. 81. 

Thomson's absolute, i. 66. 

„ portable, i. 68. 

„ quadrant, i. 36 

White's pattern, i. 89. 

Electrometers, i. 31. 

Electromotive forces of yarioos cells, table of, i. 224. 

force, electro-magnetic measure of, i. 244. 

, practical unit of, i. 246. 

, required to produce a spark ; Thomson, ii. 69. 

Electro-optics, ii. 206. 

optic law, Kerr's, ii. 262. 

optic powers of liquids, Kerr, ii. 247. 

Electrophorus, the, i. 12. 

Electroscope, the gold-leaf, i. 6, 32. 

Electrostatics and electro-kinetics, i. 28. 

Equator, the magnetic, i. 166. 

Equatorial line, ii. 14. 

Equipotential lines and surfaces aud lines of flow ; Adams, ii. 31. 

points, lines, and surfaces, i. 28. 

Equivalent magnet, i. 275. 

Erg, i. 63. 

Ether, the, i. 21. 

Experimental comparison of units, ii. 191. 

Extra current, i. 309. 

• of closing, i. 318. 

of opening, i. 319. 

p. 

Fajdiga and Romich on specific inductive capacity, i. 100. 

Farad, i. 216. 

Faraday on contact electricity, ii. 166. 

on diamagnetic polarity, ii. 18. 

on diamagnetism, ii. 15. 

on magnetic rotation of polarized light, ii. 206. 

on specific inductive capacity, i. 81. 

on the voltameter, ii. 135. 



Faraday's nomenclature for electrolysis, iL 131. 
Ferro-magnetic bodies defined, ii. 14. 
Field, magnetic, i. 148. 



— GRA. Iftdex. 283 

Force And Potential, relttiou between, i. 30. 

C. G. 8. unit of, L 62. 

electric, i. 18. 

— — physical nature of, i. 19. 



line of (electric), i. 29. 

mugnetio terrestial, secular changes in, i. 194. 

horizontal ; see Horizontal Force. 

vertical ; tee Vertical Force. 



total magnetic ; see Total Magnetic Force, i. 183. 



Fox circle for magnetic obserratious at sea, i. 184. 
Fractions of a unit — Resistance of, i. 256. 
Friction electrical machine, the, i. 8. 



G. 

Qalyanohetbrs, i. 229. 

Astatic, i. 236. 

Balistic, i. 240. 

Differential, i. 241. 

Marine, i. 240. 

Reflecting, i. 238. 

Tangent, i. 230. 
Galvanometer shunts ; see Shunts. 

Thomson's method of determining the resistance of, i. 266. 

Gases, Ayrton and Perry on specific inductive capacity of, i. 130. 

■ Boltzmann on specific inductive capacity of, i. 123. 
Gassiott on strise, ii. 67. 
Gaugain on pyro-electricity, ii. 164. 
Gauge for quadrant electrometer, i. 41. 
Gellibrand and Gunter on the Declination, i. 162. 

Gibson and Barclay, comparison of /x and >/K., ii. 274. 

■ on specific inductive capacity, i. 83. 

Gold-leaf electroscope, the, i, 5, 32. 

Gordon, comparison of /x and ^/KT, ii. 273. 

^— ^— determination of Verdet's constant, iL 228. 

■ on discharge in rarefied air, iL 65. 

■ high-speed break for induction coil, ii. 49. 

on rotation of polarized light by reflection from the pole of a 

magnet, ii. 261. 

on specific inductive capacity, i. 109. 

Goi^on's static induction balance, i. 110. 

Grades of diminished power for quadrant electrometer, i. 44. 

Gramme, i. 50. 

Gramme machine, hand, ii. 161. 

■ steam power, ii. 152. 
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Gravit}* batteries, i. 213. 
Grove 8 cell, i. 209. 

battery, on the care of a, i. 222. 

Guard-plate, the, i. 55. 

Guard-ring condenser, Hopkinson's, i. 107. 

Gunter and Gellibrand un the Declination, i. 162. 

H. 

Hand contact-breaker for induction coil, ii. 47. 

Harris on discharge in rarefied air, ii. 54. 

Heat and electricity, relations between, ii. 159. 

Heat produced by radiant matter, ii. 129. 

Heating effects of the electric current, i. 223 ; ii. 159. 

Helix, determination of the constants of, ii. 6. 

High-speed break for induction coil, Gordon's, ii. 49. 

Hockin*a measurement of the ratio of units, ii. 199. 

Hollow conductor, i. 15. 

Holtz electrical machine, i. 9. 

Hopkinson on specific inductive capacity, i. 107. 

Horizontal magnetic force, determination of by unifilar, i. 167« 

Hughes' microphone, i. 280. 

voltaic induction balance, i. 282. 

I. 

Inclination, determination of, by Barrow's circle, i. 180. 

or dip, i. 161 ; discovery of, i. 163. 

periodic changes in, i. 195. 

secular changes in, i. 193. 

Index notation, i. 154. 

— - of refraction and magnetic rotative power, ii. 233. 

Induced charge, nature of the, i. 6. 

currents, i. 276, 310. 

Blaserna on, i. 311. 

Induction balance, Gordon's static, i. 110. 
Hughes' voltaic, i. 282. 



coil, the, ii. 42. 

coil and " Magneto " machine, ii. 54. 
coil, discharge of, ii. 51. 
electrification by, i. 5. 
electro-magnetic, i. 276. 

measurement of, i. 284. 



magnetic, i. 152. 

plate for quadrant electrometer, i. 44. 

total quantity of electricity produced b}*, i. 16. 

velocity of electro-magnetic, ii. 191. 



Inductive capacity ; see Specific luductive Capacity. 



f 
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Infinite wave length, refractive index for waves of, ii. 273. 

Iiisaluting power of air, i. 128. 

Insolatora and conductors, i. 4. 

Intensity, the, of the earth's maj^netic force, i. 165. 

— — ^— of magnetization, i. 163. 

Ion, ii. 131. 

J. 

Jablochkoff candle, ii. 158. 
Jamin compen8ator, ii. 255. 
Jamin's magnets, i. 153. 
Jellett's prism, ii. 229. 

K. 

Kerr's chromatic effects, ii. 253. 

electro-optic law, ii. 252. 

relations between statical electricity and polarized light • 

ii.245. 
on rotation of polarized light bj reflection from the pole of a 

magnet, ii. 259. 

ditto ditto from the side of a magnet, ii. 261. 

Key, spring contact, i. 228. 
Knochenhauer on discharge in rarefied air, ii. 55. 
Kohlraasch and Weber, measurement of ratio of units, ii. 193. 
Kiindt and Rbntgen on effect of terrestial magnetism on polarized light in 

air, ii. 240. 

on rotation of polarized light in gases, ii. 238. 

vapour, ii. 236. 

L. 

Ladd's Hultz machine, i. 12. 
Lane's electrometer, i. 31. 
Latimer Clark's standard cell, i. 220. 
Law of electric force, i. 18. 

Kerr's electro-optic, ii. 252. 

Leclanch^ cell, the, i. 215. 
Length, C.G.S. unit of, i. 49. 
Lenz's law, L 319. 
Leyden jar, the, i. 61. 

and strained beam, analogy between, i. 66. 

voltameter, „ „ ii. 136. 



superposition of charges in, i» 65. 



Light and terrestrial magnetism; fiecquerel, ii. 233. 
Light, effect of on selenium, ii. 264 

• electric, ii. 156. 

Maxwell's electro-magnetic theory of, ii. 270. 

polarized ; «ee Polarized Light. 

42 
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Light, Telocity of, compared with that of electro-magnetic induction in 

air, ii. 271. 
— ^ ditto ditto in other media, ii. 272. 
Lightning conductors, i. 23. 
Line of force (electric), i. 29. 
Lines of flow, ii.41. 
Lines of magnetic force, i. 160. 
Liquids, diamagnetism of, ii. 15. 

tracing of lines of flow and eqaipotential surfaces in, ii. 38. 

Lunar diurnal inequality, i. 196. 

M. 

MacLeod guage, ii. 83. 

Magnet deflects radiant matter, ii. 125. 

Magnets, effects of, on yacuum discharge, ii. ^^. 

Magne-crystallio action, ii. 27. 

Magnetic C.G.S. units, i. 154. 

effect of a static charge in motion, Rowland, ii. 201. 

equator, i. 165. 

field, i. 148. 

induction, i. 152. 

meridian, determination of, i, 178. 

moment, i. 149. 

moment, unit of, i, 154. 

potential, i. 151. 

shell and equivalent current, i. 304. 

rotative power ; Becquerel, ii. 233. 

and index of refraction, ii, 233. 

solenoids and shells, i. 156. 

Magnetism ; preliminary experiments, i. 145. 

, terrestrial ; see Terrestrial Magnetism. 

Magnetization, i. 146 

intensity of, i. 153. 

unit of, i. 155. 

Magneto-electric machines, ii. 150. 

" Magneto'^-machines and induction coil, ii. 54. 

Magnetometer, the Kew unifilar, i. 166 ; see Unifilar. 

Magnetometers, self-recording, i. 189. 

Manco's method of determining the resistance of a battery, i. 267. 

Marine galvanometer, i. 2^10. 

Mass, unit of, i. 50. 

MasBon on discharge in rariBed air, ii. 55. 

Maximum of permanent magnetization, i. 156. 

Maxwell, Clerk, on contact electricity, ii. 166. 

direct comparison of units, ii. 196. 

on electrolysis, ii. 132. 

electro-magnetic theory of light, ii. 270. 
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Maxwell, Clerk, notation for dimensions of anils, ii. 181. 

proof that current is equivalent to magnetic shell, i. 304. 

ratio of units is a velocity, ii. 192. 

summary of Faraday and Verdet's electro-optic experi- 
ments, ii. 22<k 

theory of the magnetic rotation of polarized light, ii . 241. 

on velocity of electro-magnetic induction, ii. 191. 

McKichan's measurement of the ratio of units, ii. 196. 
Measurement, absolute, theory of, i. 47. 

of resistances, i. 247. 

Mechanical action of radiant matter, ii. 122. 

illustration of residual charge, i. 63. 

Medium, effects of, on diamagnetio bodies, ii. 29. 

necessary, for the propagation of electric disturbances, i. 20. 

Meridian, astronomical, determination of, i. 177. 

magnetic, „ „ i. 178. 

Metal screens, i. 5. 

Metre, i. 49. 

Microfarad, i. 246. 

Microphone, Hughes', i. 280. 

Miller, W. A., on electrolysis, ii. 133. 

Mirror method applied to electrometers, i. 38. 

Moment of a magnet, i. 149. 

unit of magnetic, i. 154. 

Moon's synodical and tropical revolutions, effect of on magnetic force, 

i. 197. 
Motion of magnet wire and current, effiects of, i. 276, 308. 
Moulton and Spottiswoode on sensitive state, ii. 88. 
Miiller and De La Rue on contact electricity, ii. 167. 

on stris, ii. 81. 

on " striking distance," ii. 62. 



, Spottiswoode, and De La Rue on striae, ii. 69. 



Mutual action of two currents, i. 276, 304. 

N. 

Negative and positive electricity, i. 3. 



dark space, Crookes', ii. 113. 



Niaudet's table of electromotive forces of various cells, i. 224. 

Nodes of vibration in a metallic thread cairying a discharge, ii. 148. 

Non-relief effects, ii. 95. 

Norman, discovery of the inclination by, i. 163. 

Nowak and Romich on specific inductive capacity, i. 101. 

o. 

Ohm, the, i. 245 ; ste British Association Unit. 

Ohm's law, i. 242. 

Opacity of conductors, ii. 271. 
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Opening, induced current of, i. 316. 

' extra current of, i. 819. 

Oscillations, electric, Schiller, L 103, 320. 

— application of, to specific inductive capacity, 



i. 322. 



P. 



Paramaonetic bodies defined, ii. 14. 
Peltier's phenomenon, ii. 162. 
Periodic changes in earth s magnetism, i. 194. 
Perry and Ayrton ; tee Ayrton and Perry. 
Phenomena in very high vacua, Crookes', ii. 112. 
Phosphorogenic action of radiant matter, ii. 114. 
Physical nature of electric force, i. 19. 
ir, ii. 200. 



structure of stiise, ii. 103. 



Pile, thermo-electric, ii. 160. 

Plants on the propagation of electricity, ii. 149. 

on secondary batteries, ii. 140. 

Plant^'s rheostatic machine, ii. 145 ; for quantity, il. 146. 

Platymeter, Gibson aud Barclay's, i. 83. 

Poggendorf's cell, i. 219. 

Point and disc, discharge between, ii. 61. 

Pointed conductor, i. 22. 

Polarity diamagnetic, ii. 17. 

of diamagnetic liquids, ii. 26. 

Polarization, electrolytic, ii. 136. 

Polarized light and static electricity — Kerr, ii. 24o ; Bootgen, ii. 249. 

effect of terrestial magnetism on, ii. 240. 

magnetic rotation of, ii. 205. 

rotation of, by reflection from the pole of a magnet ; 

Kerr, ii. 259 ; Gordon, ii. 261. 

ditto ditto from the side of a magnet; Kerr, ii. 261. 

theory of the magnetic rotation of, ii. 241. 

Poles of a magnet inseparable, i. 147. 
Portable electrometer, Sir Wm. Thomson's, i. 58. 
Portative force, maximum of magnets, i. 153. 
Positive and negative electricity, i. 3. 
Potential, electric, i. 26. 

and charge, i. 30. 

and force, relation between, i. 30. 

C.G.S., electrostatic unit of, i. 54. 

electro-magnetic measure of, i. 241. 

magnetic, i. 151. 

variation of, and strength of current, i. 306. 

Potentials, to determine by the absolute electrometer, i. 67. 
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Practical units, relations between the, i. 246. 

electro-magnetic units ; Weber, Yolt, Ohm, of current, i. 245 ; 

Microfarad, i. 246. 
Propagation of electricity ; Plants, ii. 149. 
Properties of electrified bodies, i. 1. 
Pyro-electricitj, ii. 163. 

Q; 

QuADBANT electrometers, Thomson's, i. 35. 

Qaantities of electricity, i. 14. 

Quantity, C.6.S. electro-static unit of, i. 53. 

electro-magnetic measure of, i. 244. 

of electricity produced by induction, i. 16. 

practical unit of, i. 245. 

R. 

Radiant matter, action of a magnet on, ii. 125. 
— ^— — ^-^— casts a shadow, ii. 121. 
— — — ^— Crookes', ii. 112. 

mechanical action of, ii. 122. 

proceeds in straight lines, ii. 117. 

produces heat, ii. 129. 

Rapid break for induction coil, Spottiswoode's, ii, 47. 
Rarefied air, discharge in, ii. 54. 
Ratio of units, determination of, ii. 191. 

• is a velocity, ii. 192. 

Ratios of two sets of electric units, ii. 188. 

Record by Kew magnetometer, i. 192. 

Reflecting galvanometers, i. 238. 

Relief effects, ii. 92. 

Replenisher for quadrant electrometer, i. 42. 

Residual charge of the Leyden jar, i. 62. 

Resistance of batteries, i. 267. 

box, i. 262. 

dial pattern, i. 256. 



— coils, i. 262. 

— electric, i. 242. 

>- electrostatic measure of, i. 243. 

— electro-magnetic measure of, i. 244. 

— of a galvanometer, i. 265. 

— Mance's method of determining, i. 267. 
practical unit of, i. 245. 



Resistances, specific, i. 259. 

tables of, i. 259, 260. 

Revolving mirror, Spottiswoode's, ii. 75. 
Rheostatic machine, ii. 145. 
for quantity, ii. 146. 
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Roberts, Chandler, experiments with Hughes' balance, i. 283. 
Bomich and Fajdiga on specific inductive capacity, i. 100. 

and Nowak „ „ „ i. 101. 

Rontgen and Kiindt on effect of terrestrial magnetism on polarized light 

in air, ii. 2<^. 
Rontgen on relations betireen static electricity and polarized light, ii. 249. 
Ross, Captain, on the Fox circle, i. 187. 
Rotation of different rays ; Becquerel, ii. 236. 

Verdet, ii. 227. 

Rotation of polarized light by reflection from the pole of a magnet; Kerr, 

ii. 259. 

ditto ditto Gordon, ii. 261. 

— ^ ditto side of a magnet ; Kerr, ii. 261. 

in gases ; Becquerel, ii. 237. 

in gases ; Kiindt and Rontgen, ii. 238. 

in vapour; „ „ ii. 236. 

Rotation, magnetic of polarized light, ii. 205. 

■ natural „ „ ii. 206. 

Rowland's measurement of the ratio of units, ii. 201. 

on magnetic effect of a static charge in motion, ii. 201. 

Rubber, electrification of the, i. 3. 

Ruhemann and Wiedemann on discharge in rarified air, ii. 55. 

s. 

Sabine, General, on terrestrial magnetism, i. 194. 
Saturation of a bar with magnetism, i. 153. 
Schiller, comparison of /*' and K, ii. 275. 

on electric oscillations, i. 103, 320. 

Application to specific inductive capacity, i. 322. 

*s experiments on specific inductive capacity, i. 103. 

Schwabe, llofrath, on sunspots and declination, i. 195. 

Screens, metal, i. 5. 

Sea, magnetic observations at, i. 18 i. 

Secondary batteries, ii. 110. 

condenser for coil, ii. 53. 

Secular changes in declination, i. 193. 

— ^ force, i. 194. 

inclination, i. 193. 

specific inductive capacity of glass, i. 120. 

Selenium, effect of light on, ii. 264. 

Self-recording magnetometers, i. 189. 

Sensitive galvanometers, i. 236. 

Sensitive state, the, ii. 88. 

Shadow of radiant matter, ii. 121. 

Shells, magnetic, i. 156, 158. 

and equivalent current, i. 304. 
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Shuntu, compensating resistance for, i. 265. 

construction of, i. 26i^. 

theory of, i. 261. 

Siemens armature, ii. 150. 
unit of resistance, i. 271. 

Silow on specific inductive capacity, i. 104 

comparison of /a and v K, ii. 275. 

Sliding bridge, i. 251. 

coils, Thomson and Varley's, i. 257. 

condenser, Gibson and Barclay's, i. 85. 

Smee's cell, i. 2()7. 
Solenoids, magnetic, i, 156. 
Solid angle, i. 158. 

Space, transmission of electric force through, i. 21. 
Specific inductive capacities, general table, {to face) i. 131 
. capacity, Boltzmann's attraction method, i. 90; con- 
denser method, i. S7. 

Cavendish, i. 71. 

' definition of, i. 69. 

Faraday, i. 81. 

^— — ^-— ^— of gases, i. 123 ; see Gasetn, specific inductive 

capacity of. 

Gibson and Barclay, i. 83. 

Gordon i. 109. 

Hopkinson, i. 107. 

Romich and Fajdiga, i. 100. 

Romich and Nowak, i. 101. 

Schiller, i. 103. 

Silow, i. 104. 

Theory of Boltzmann's attraction method, i, 

135. 

Wiillner, i. 105. 

Specific resistances, i. 259. 

tables of, i. 259, 260. 

Spottiswoode, De La Rue and Miiller on striee, ii. 69. 

_ — and Moulton on the sensitive state, ii. 88. 

on revolving mirror, ii. 75. 

■ on striie, ii. 71. 

Spottiswoode 's great coil, ii. 49. 

rapid break for induction coil, ii. 47. 

wheel break for induction coil, ii. 47. 

Squares, law of inverse, i. 18. 
Standard cell, Latimer Clark's, i. 220. 

■ coils, ii. 1. 
State of the tube during discharge, ii. 110. 
Static electricity and polarized light, Kerr, ii. 245. 
Rontgen, ii. 249. 
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Strain defined, i. 20. 

Strained beam and Leyden jar, analogy between, i. 66. 

and voltameter „ „ ii. 136. 

Stress defined, i. 20. 

Striae, ii. 67. 

Strise, physical stmctare of, ii. 103. 

Spottiswoode and Moulton on the nature of, ii. 99. 

" Striking distances," De La Rue and Miiller, ii. 62. 
Sun's rotation, effect of, on magnetic force, i. 197. 
Sunspot period agrees with declination period, i. 195. 
Sunspots and magnetic storms, i. 197. 
Superposition of charges in a Leyden jar, i. 65. 
Swinging magnet, to bring to rest, i. 180. 



T. 

Table, Blasema's, of retardation of induced currents produced by 
different substances, i. 315, 316. 

comparing ^IL and /x, Gordon, ii. 273. 

ditto ditto for gases, Boltzmann, ii. 275. 

comparing K and /x* — Boltzmann, ii. 274. 

„ »» M for crystalline sulphur, ii. 274. 

„ „ Schiller, ii. 275. 

of contact differences of potential, Ayrton and Perry, ii. 176, 

177, 178. 

of diamagnetio bodies, Faraday, ii. 16. 

of diamagnetic and paramagnetic metals, Faraday, ii. 17. 

of effect of pressure on spark length in air, Gordon, ii. 60, 61. 

of the electro-motive forces of various cells, i. 224. 

of electro-motive force required to produce a spark — ^Thomson, 

ii. 69. 

ditto ditto Thomson and De La Rue, ii. 64. 

illustrating Kerr's electro-optic law, ii. 257. 

of magnetic potentials at different points in a helix, ii. 9. 

of magnetic rotations of light in heavy glass, Verdet, ii. 221. 

of magnetic rotative powers, Verdet, ii. 226. 

Becquerel, ii. 234, 235. 

of gases — Kiindt and Rontgen, ii. 

293. 240. 

of metals in thermo-electric scale, ii. 160. 

of order of electro-optic powers of liquids, Kerr, ii. 248. 

of ratios of dimensions of units, ii. 188 

of units, ii. 190, 202. 
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